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ABSTRACT
WHOLE-BODY STRATEGIES FOR MOBILITY AND
MANIPULATION
MAY 2010
PATRICK DEEGAN
B.S., HARVEY MUDD COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Roderic Grupen
The robotics community has succeeded in creating remarkable machines and task-
level programming tools, but arguably has failed to apply sophisticated autonomous
machines to sophisticated tasks. One reason is that this combination leads to pro-
hibitive complexity. Biological systems provide many examples of integrated sys-
tems that combine high-performance and flexibility, with logically-organized low-level
control. Sophisticated organisms have evolved that depend on physical dexterity to
thrive in a particular ecological niche while mitigating computational and behavioral
complexity.
This dissertation investigates the potential for a new kind of hybrid robotic design
process. A design for performance that combines mechanical dexterity with low-level
embedded firmware that organizes behavior and facilitates programming at a higher
vii
level. I propose that dexterous machines can incorporate embedded firmware that ex-
press the “aptitudes” implicit in the design of the robot and hierarchically organize the
behavior of the system for programming. This is a win-win situation where the qual-
ity of the embedded firmware determines how efficiently programmers (autonomous
learning algorithms or human programmers) can construct control programs that are
robust, flexible, and respond gracefully to unanticipated circumstances.
This dissertation introduces the uBot-5—a mobile manipulator concept for human
environments that provides dexterous modes for mobility and manipulation and con-
trol firmware that organizes these behavioral modes locally for use by applications
code. Postural control underlies the uniform treatment of several mobility modes
that engage different combinations of sensor and motor resources. The result is a
platform for studying “whole-body” control strategies that can be applied jointly to
simultaneous mobility and manipulation objectives.
The thesis examines the specification and development of both: (1) a dexterous
robot for unstructured environments, and (2) the embedded firmware that organizes
dexterous behavior for mobility and manipulation tasks. Integrated solutions are
proposed that control transitions between postural “modes” and provide a logically
organized dexterous behavior hierarchy. Firmware programming can also be used to
construct an efficient API for user programming and autonomous machine learning.
My goal is to contribute technologies that can support new robotic applications
in our culture that require fully integrated dexterous robots in unstructured environ-
ments. Personal robotics is an important emerging application that depends on seam-
lessly integrated and sophisticated machines, controllers, and adaptability. Logically
organized representations for use in task-level application development are critical to
pull this off. The impact of such technology could be significant—with applications
that include healthcare and telemedicine, exploration, emergency response, logistics,
and flexible manufacturing.
viii
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CHAPTER 1
INTRODUCTION
The state of the art in robotics presents many examples of very capable machines
that do such things as vacuum floors, assemble cars, or assist in surgery. These sys-
tems provide significant benefits that include reducing the burden for humans in dull,
dirty, and dangerous tasks, increasing efficiency and quality in factory and supply
chain operations, and augmenting human performance and situational awareness in
remote and inhospitable environments. However, most robots today are single pur-
pose. They are designed to do specific tasks and often require significant integration
and well engineered environments in order to perform well. To advance the state of
the art, new designs are required for flexible, autonomous, and dexterous robots that
are capable of performing multiple tasks in multiple domains.
Dexterity refers to agility, proficiency, and resourcefulness when rapidly modifying
a solution in light of new run-time constraints, by effortlessly switching between
multiple strategies. This flexibility is due to excess mechanical degrees-of-freedom
and controls that can exploit (continuous and discrete) alternative solutions.
Mobile manipulators are robots that can move about and manipulate their sur-
roundings. Whole-Body Mobile Manipulators (WBMM) are able to engage sensor
and motor resources in service to mobility and manual interactions with the world.
For instance, a WBMM with adequate resources might be able to simultaneously turn
a knob, lean into a door, and walk through the entry way. The same system may
also be able to pick items from a floor, push a vacuum cleaner, and carry out the
trash. More flexible mechanical structures can lead to more interesting possibilities.
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The cost of flexibility is increased complexity. That is, coordinated motion with
excess degrees of freedom requires the mastery of many units of action. Although
dexterous WBMMs offer flexibility, the complexity of controlling multiple independent
degrees-of-freedom is reflected by an explosion in the number of states and actions
and making them difficult to program.
This thesis presents a comprehensive approach to the design and development of
a unique whole-body mobile manipulator including decisions for mechanisms, embed-
ded sensing, and computational architectures. A robot represents a form of embodied
computation—a constructive relationship between form, sensing, computation, and
control that captures the “aptitudes” of the machine. I aim to demonstrate an inte-
grated design for a dexterous robot that is easy to program.
1.1 Designing for Flexibility
Foremost among the criteria required for dexterous mobile manipulators in un-
structured worlds is a rugged, untethered design that can support exploration and the
freedom to “make mistakes” without severely damaging the robot. Safety is a related
concern. Compliance (both passive and active) is an important means of minimizing
impact forces. This was an important criterion influencing my choice of a dynamic
balancer. Among other attractive features of the inverted pendulum, it provides a
low input impedance that minimizes the magnitude of collision forces.
A dynamically stable platform is characterized by a degree of freedom close to the
ground plane that allows the robot to comply to environmental forces and to exploit
body dynamics to increase performance in some tasks. This design point, in partic-
ular with respect to dynamic stability, is a hallmark of biological and evolutionary
design. Athletes in the animal kingdom exploit body dynamics to yield high perfor-
mance despite the potential risks. Consequently, a primary goal of this work is to
prototype a machine subject to a set of functional specifications and to demonstrate
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the capacity to address safety and stability by combining sound mechanical design
with appropriate embedded control architectures.
1.1.1 Compute Architecture
Dexterous machines require complementary flexibility in a hierarchical compute
architecture. The embedded control system must provide the bandwidth required for
high-performance feedback control to produce smooth, reactive, coordinated body
motion. At the lowest level, closed-loop motor units have minimal computational
requirements but require high update rates and low latency between sensors and
actuators. Higher level sequential controllers may require lower update rates and
may tolerate increased latency.
In general, special-purpose hardware is required to support high-performance em-
bedded control, while high-level applications and programming may be best served
by processing available in today’s laptops and personal computers. Moreover, many
applications employ high bandwidth sensors such as cameras for video processing,
localization, and mapping. Yet, these applications require compute support from
off-board networks of processors. Thus, mobile manipulators will require a computa-
tional hierarchy that extends into control and perceptual processes supported in the
network.
1.1.2 Embedded Control Architecture
As I argued earlier, careful specification of the physical structure and a comple-
mentary compute architecture is required to exploit complex, dexterous robot designs.
Such a design leverages native structure to maintain flexibility. This architectural
principle is illustrated by many biological systems. For example, a prey animal, like
a horse, can stand and walk within thirty minutes of birth. A genetic commitment to
native structure allows the animal to master these tasks quickly in order to survive.
Appropriate combinations of mechanical, perceptual, and computational flexibility
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combined with native behavioral structure can promote viability in unstructured en-
vironments for robots as well, while yielding a useful organization for application
development. This is the sweet-spot I attempted to realize in uBot-5.
At the lowest-level in the hierarchical compute architecture built into uBot-5,
control firmware is used to implement several kinds of homeostatic behavior to pre-
serve safe operation and organize low-level behavior. The firmware also establishes
a baseline performance from which higher-level control functions expand competency
and skill. A central contribution of this thesis is a suite of low-level control firmware
that supports discrete modes of postural stability and the transitions between modes.
This firmware overlays control logic on the uBot-5 to yield high performance, mini-
mize the risks of a dynamic balancer, and provide a convenient means of compiling
hierarchical control programs.
1.1.3 Postural Stability Control Suite
WBMMs can combine resources normally reserved exclusively for mobility or ma-
nipulation to configure several hybrid modes as conditions require. For instance, in
the transition from crawling to standing, an infant is able to free its arms by develop-
ing control that replaces statically stable structures with active, dynamically stable
mobility modes. The commitment to dynamic stability in uBot-5 requires an equal
commitment to an array of embedded control circuits for managing postural modes
and their transitions. Skills for preserving postural stability will become an aspect
of virtually all subsequent application code and guaranteeing stability will influence
virtually all system behavior.
uBot-5 achieves high performance, to a significant degree, by embracing intrinsic
instability in the machine. This design requires an array of homeostatic stability con-
trollers to make sure that the robot does not damage itself or the environment and to
keep from getting into states from which it cannot recover. One of the contributions
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of this thesis is a family of domain independent reflexive stability controllers. This
firmware will influence all future application code.
1.2 Thesis Contributions
This thesis describes the design and implementation of a scientific apparatus, the
uBot-5, to facilitate application development and research into whole-body mobile
manipulation technologies. Such a machine can serve as a catalyst for software and
control development and can be used to realize skills that support multiple applica-
tions.
Software has been developed to leverage the dynamics of the whole body to en-
hance performance, these include: postural modes for prone, 4-point, 3-point, and
2-point stances, and transitions between them. Furthermore, an emergency transi-
tion to protect against uncontrollable transitions to prone is also contributed such
that if balancing fails, the arms are automatically reconfigured to absorb the energy
of a fall and restore postural stability. Multiple mobility and manipulation modes en-
sure performance in a wide variety of contexts. The transitions between modes form
a comprehensive policy for managing whole-body dynamics that yields a basis for
high-performance applications. The robot, its control framework, and the postural
stability suite of controllers are presented. Several real world applications demon-
strate that the uBot-5 explores new territory for mobile manipulation.
The three main contributions of this thesis are: (1) the methodology and imple-
mentation of a hardware and software co-design for a novel, dynamically balancing
bimanual mobile manipulator, (2) an integrated array of reusable and task indepen-
dent embedded firmware that express the aptitudes of the design including: vestibular
reflexes and whole-body impedance control, (3) a hierarchical native control structure
that expresses a comprehensive suite of sequential behaviors including controlled tran-
sitions between postural modes from prone to upright with hands free and recovery
5
strategies for when postural stability is compromised. The uBot demonstrates these
features in a variety of tasks that exploit multiple engagements of the robot’s degrees
of freedom including: bracing and recovery from a fall, pushing, throwing, bi-manual
grasping, and transporting. Furthermore, these contributions form the basis for an
integrated high performance mobile manipulator, well suited for service as a research
apparatus in unstructured environments.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
In the past, robots have been successful in highly-structured industrial applica-
tions where they have revolutionized manufacturing, assembly, packaging, and logis-
tics (supply-chain and distribution). These environments are typically engineered to
eliminate uncontrollable circumstances. State of the art industrial applications de-
pend on robots with exacting mechanical, electrical, and software specifications that
perform flawlessly in highly structured operating conditions.
There are fewer examples of commercial systems that can cope autonomously
with unstructured environments. Remote telepresence is being used fruitfully in dull,
dirty, and dangerous tasks; to perform emergency response, to dispose of roadside
bombs, and to conduct surveillance. However, these systems rely on humans in the
loop and current methods for handling latency and exploiting redundancy are inad-
equate. Better applications interfaces are required at levels of abstraction that hide
all the high-bandwidth embedded processing related to homeostasis.
It is my view that hybrid design methodologies that combine dexterous mechanical
concepts with logically organized embedded firmware have not received an adequate
amount of attention in the research community. The performance of biological sys-
tems depends on interdependent components and often, it is unclear whether one
subsystem precedes or follows another in the anthropological record. Practical de-
signs for dexterous robots will likewise depend on integrated co-design and will find
added utility in the principles of integration—sometimes to the exclusion of incorpo-
rating the most sophisticated components. More functional machines will catalyze
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new research in controls and knowledge organization that do not receive enough at-
tention today.
2.1 Historical Milestones in Mobile Manipulators
2.1.1 Mobility and Manipulation
Figure 2.1. The Stan-
ford SAMM
The Stanford Assistant Mobile Manipulator (SAMM)
(Figure 2.1) utilized the XR4000 with a PUMA 560 arm and
a parallel-jaw gripper [25]. The XR4000 is a holonomic base
with four powered wheeled casters that provide smooth and
accurate motion. The holonomic base allows full use of the
null space to improve workspace and makes gross motion
planning easier. Coordination between multiple cooperat-
ing mobile manipulators is accomplished by exploiting the
precision of the base and controlling the arm motions using
operational space control. This mechanical geometry is in-
spired by the desire to make a motion planner work better,
that is, the mechanism is in service to the algorithm.
Figure 2.2. The
UMass UMan
The UMass UMan (Figure 2.2) uses a Barrett Whole
Arm Manipulator (WAM) 7 degree-of-freedom arm by Bar-
rett Technologies (Cambridge, MA) [1] with a 3-finger, 4
DOF Barrett hand also mounted to Nomadic XR4000 mo-
bile base [32]. It is designed to support the development of
a multi-objective, task-level control framework. The WAM
is back-drivable, allows position or force control of each
joint, and it houses most of the large motor masses within
its base (with a cable driven design) for highly dexterous, dynamic, and accurate mo-
tion. The UMan, thus, increases the workspace, backdrivability, and dexterity of the
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SAMM robot. Both systems employ planners and motion controllers to reduce the
probability of collisions and neither robot can respond passively to inadvertent bumps
and collisions. UMan’s WAM is capable of low impedance (backdrivable) modes but
the XR4000 base is not. The XR4000 platform is relatively tall and heavy and there-
fore, some platform postures and accelerations can destabilize the base.
Figure 2.3. The Wil-
low Garage PR2
The Willow Garage PR2 (Figure 2.3) is based on the
PR1, a concept for an intrinsically safe personal robot [60].
PR2 has an omni-directional wheel base, a telescoping
spine, two force-controlled 7 degree-of-freedom arms, and
an actuated sensor head. Each arm has a 1 degree-of-
freedom gripper attached to it. PR2 has demonstrated sev-
eral tasks within a hierarchical control framework including
autonomous navigation, door opening, and recharging using
standard electrical outlets [39].
2.1.2 Humanoids
a) Statically Stable
Figure 2.4 shows several statically stable mobile manipulator concepts. The AR-
(a)
(b)
(c)
Figure 2.4. Several statically stable mobile manipulator platforms including:
(a) The ARMAR robot, (b) Dav, and (c) RI-MAN.
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MAR [8] robot from Forschungszentrum Informatik Karlsruhe (FZI) features a dif-
ferential drive, wheeled, and statically-stable base, a 4 DOF body, and two 7 DOF
arms with parallel jaw grippers. It is designed to be mobile in a kitchen setting and
careful enough to handle plates. The humanoid robot, Dav [18], developed at Michi-
gan State University (MSU) is an experimental platform combining a non-holonomic
mobility platform with a torso, arms, hands, neck and head. The RI-MAN robot
has two 6 DOF arms capable of lifting 80lbs. It is completely covered with a human
friendly soft skin and tactile force sensors. The robot is capable of supporting human
care and welfare tasks.
b) Legged
Dynamically stable platforms have demonstrated the viability of mobile manipula-
tors in human environments. Legged humanoid robots with a similar morphology to
an average human may be ideally suited for tasks in this domain. Unlike statically
stable systems, legged bases do not need to be large or heavy in order to be stable.
With the ability to pivot near the ground contact point, this type of robot can be
modeled by an inverted pendulum and can accommodate large masses mounted high
above the ground plane. Thus, dynamically stabilized platforms can position sen-
sor packages where they are most useful in human environments and can transport
relatively large payloads.
Figure 2.5. The
Sony QRIO
Sony QRIO (Figure 2.5) is a small biped entertain-
ment robot. The safe design incorporates round-shape sur-
faces, small size, and a joint structure that eliminates pinch
points [36]. Whole body cooperative motion control utilizing
ZMP control allows the QRIO to resist external forces and walk
on irregular surfaces. The robot can also fall over and right it-
self. Walking motion is generated by a gait pattern generator
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with feedback from inertial and force sensors to adjust the pos-
ture of the robot to terrain inclination and external forces.
Figure 2.6. The
Honda ASIMO
After more than sixteen years of development, The Honda
ASIMO (Figure 2.6), implements ground reaction force con-
trol, model Zero Moment Point (ZMP) control, and foot land-
ing position control, to maintain stability on a wide variety
of surfaces while subject to unexpected perturbations [23].
ASIMO is capable of climbing stairs and navigating in man-
made environments such as offices, museums, and hospitals.
Notably, the humanoid has demonstrated one of the hall-
marks of dynamic locomotion and human-like running [51, 55].
ASIMO employs a whole body posture control that utilizes the
center of mass and joint torques to maintain stability. Most of
the ASIMO’s development was spent perfecting legged locomo-
tion without significant attention being placed on its manipu-
lation abilities.
Figure 2.7. The
Kawada Industries
HRP-2.
The HRP-2 [31] is a humanoid developed by Kawada In-
dustries and has demonstrated cooperative work with humans
in carrying one end of a panel or table. The HRP-2 is also
capable of walking on uneven surfaces, and notable for a robot
its size (154cm tall and 58kg Mass), getting into and standing
up from the prone position.
Figure 2.8. Hi-
tachi Emiew 2
The Hitachi EMIEW2 (Figure 2.8) use a hybrid wheeled
leg. The “feet” of this robot are composed of controllable drive
wheels with deployable supports. This allows the robot to dy-
namically balance in either of three modes: legs only, legs
and wheels, and only wheels. The robot primarily utilizes the
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wheeled mode and the legs assist the platform over uneven terrain. The EMIEW2
was specifically designed to operate safely around humans, incorporating a small
size and obstacle avoidance technology. For office environments, the robot uses voice
communication functions, and provides necessary services such as delivering drinks
or documents.
2.1.3 Dynamically Balancing Mobile Manipulators
Figure 2.9 shows several dynamically balancing wheeled bimanual manipulators.
JOE [17] is an example a of “hobby” platform that has demonstrated the agility,
(a)
(d)(c)(b) (e)
Figure 2.9. Several wheeled balancing platforms including: (a) The JOE robot,
(b) CMU ballbot, (c) ROBO3 ROBIN, (d) Hitachi Emiew, and (e) the Toyota rolling
partner robot
speed, and stability that dynamically balancing platforms can deliver. Ballbot [38],
is a holonomic platform that balance around a single spherical wheel. However this
configuration may be at a disadvantage when traveling on uneven terrain and in
practice, its dynamics do not allow the platform to change directions instantaneously.
The Robin R3 [3] is a commercial dynamically balancing platform that can deliver
small payloads. However, the dexterity of the arms is very limited. The Hitachi
Emiew [2], the predecessor to EMIEW2, favored a two-wheeled platform with a hip
joint to allow leaning into turns for added stability. The Toyota Partner rolling
robot [5] features dexterous arms and hands with the ability to play musical instru-
ments.
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The Segway R© Robotic Mobility Platform (RMP) [43] is based on a Segway Human
transporter. Compared to existing robots, the reconfigured platform is more agile
and less expensive, and it can carry larger payloads. Unfortunately, part of this
repurposing required that a large mass be mounted on the top of the platform to
ensure a high center of mass for control stability. The resulting RMP (without a
manipulator or instrumentation attached) weighs 57Kg or more [53]. This can present
a serious danger to both the robot’s environment and the robot itself as the robot
generates very large impact forces if it falls over. Platforms such as these rely on
special purpose hardware, such as kickstands to prevent falls or damage. Typically,
however, this hardware is only for emergency, and not for routine use [43].
Figure 2.10. The
MIT Cardea
The MIT Cardea (Figure 2.10) consists of a force con-
trolled Series Elastic Actuator, (SEA) arm [49] on top of a
balancing Segway RMP [10, 59, 14], to take advantage of the
inherent compliance and small footprint of dynamically balanc-
ing platforms. Cardea has a single manipulator and no end ef-
fector to address tasks that require substantial force controlled
motions. As a proof of concept, Cardea applied a behavior
based approach to tasks including corridor navigation and door
finding, opening, and pushing. However, hardware limitations,
and less well integrated perceptual mechanisms require further
work.
Figure 2.11. The
Stanford STAIR
The Stanford AI Robot (STAIR) [52] utilizes a 4kg, 5-
DOF arm equipped with a parallel plate gripper, and can lift
a 500g payload. The arm is precisely controlled and it can
move to positions triangulated by a webcam vision system.
The manipulator is also mounted to a Segway RMP adapted
for statically stable balancing with an omnidirectional caster
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mounted to an outrigger support. Moreover, both Cardea and the Stanford AI Robot
represents a dramatic contrast in mass and power distribution, with a large, massive,
powerful base supporting a significantly smaller, lighter, and less powerful upper body.
As as result, the mobile manipulator concepts are not capable of exploiting the whole
body as a dexterous mobility and manipulation platform.
(a) (b)
Figure 2.12. (a) The NASA Segwanaut and (b) NASA Centaur
The JSC Robonaut can be configured as a wheeled balancer using the Segway
RMP (Figure 2.12(a)). Robonaut has over 40 degrees of freedom designed specifi-
cally for operations in space with EVA equipment designed for human beings. This
platform has demonstrated navigation, opening doors, the use of tools, and the trans-
fer of objects (such as tools) to and from a human [7, 16]. Another mobility option
for Robonaut employs NASA’s all-terrain, four-wheeled base called Centaur [13]
(Figure 2.12(b)). At 450lbs, the statically stable Centaur is not quick or agile. Yet,
Robonaut and Centaur excel at manipulation under teleoperation in tasks that can
accommodate low-speed movements.
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2.1.4 Whole-Body Humanoids
Figure 2.13. The
Vecna BEAR
The Vecna Battlefield Extraction-Assist Robot, BEAR
concept is characterized by a powerful upper torso and a
reconfigurable tracked base that can operate in both stat-
ically stable and balancing postures (Figure 2.13). BEAR
has demonstrated the ability to pick up and transport a
human to safety [6]. This design is focused on the battle-
field for extracting wounded soldiers, disarming bombs, and
searching through rubble.
Figure 2.14. The
iCub
The iCub [4, 44] is a humanoid robot about the size of a
two year old child designed to study motor development. It
was designed by an international consortium and is intended
to be expanded ultimately to 54 degrees-of-freedom.
Most robots today have only demonstrated limited functionality, and cannot gen-
erate large interaction forces (there are exceptions, i.e. Vecna BEAR). Many do not
appear to be designed to survive a fall or right themselves. Many go to great lengths
to avoid contact with the environment and thus are limited with respect to manipu-
lation. In general, humanoid robots (due mainly to their size and expense) are often
suspended in safety harnesses from gantrys to protect these expensive machines from
damaging falls. Current research focuses on balance and locomotion and insufficient
attention is given to whole-body strategies that support dexterity in mobility and
manipulation.
Despite technological advances in packaging, miniaturization, computation, sens-
ing, and actuation, integrated and multi-purpose robot systems that can safely work
in human environments are still in the future. This dissertation seeks a new com-
bination of dexterous hardware and hierarchical firmware that make it possible to
achieve high-performance and programmability. A general purpose robot, like the
15
Rosie in the Jetsons cartoon, will be able to act autonomously, to manipulate ob-
jects, to traverse irregular terrain, and to communicate with human beings in natural
ways.
2.2 Design Desiderata
In order to thrive in human environments, a robot must be robust to a routine
levels of abuse (as are humans). This is a critical technical challenge; it is currently
unreasonable to expect that a personal robot can survive long in the field. Thus
off-the-shelf components should be used whenever possible to increase serviceabil-
ity, leverage proven designs, ease replication, reduce complexity, and exploit existing
economies of large scale production. Moreover, a low price point is essential to dis-
seminate a platform and to develop a community of users. If commercial applications
are to attract investment, demonstrable functionality, robustness, and performance
must be combined at an effective cost.
2.2.1 Human Environments
Human environments offer advantages and disadvantages for robot designers. The
advantages include a great deal of structure and ergonomic concern for the human
morphology. Robots that live in human environments and participate in human tasks
can be significantly simpler than robots designed to operate “in the wild.” However,
these environments still present a significant degree of variation.
To be able to perform human tasks, a robot must have a similar capacity to
do work. Designs that consider size, workspace, mobility, battery life, strength and
speed, sensing and computation will be necessary to accommodate the large degree of
variation present in human environments. Presently, suitable benchmarks are absent
in the field. One of the measures of performance of the whole-body mobile manipu-
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lator is the ability to directly interact with and collaborate with their human coun-
terparts. In this section, we develop specifications relative to human performance.
Table 2.1. Ideal (human referenced) specifications of a whole-body mobile manip-
ulator for use in human environments.
Household Robot Specifications
Height, width, and 
footprint
Reachable Workspace
Power Capacity
Mobility and Terrain
Payload Capacity
Mobility Speed
Manipulation Speed
Grasped object scales
Sensing capability
Network Bandwidth
Processing
Typical human proportions 
(Approximately 50cm wide, 1.8m tall)
Typical kitchen cabinet dimensions 
(Height of 1.8m and depth of 0.8m)
Greater than 8 hours of untethered 
runtime
Typical office buildings, sidewalks, 
kitchen environment
Weight of items typically found in 
grocery store (less than 2.5kg)
Average human walking speed (2-3 
kilometers per hour)
1-2 meters per second
Size of grocery store items (from nuts 
& bolts to large beach balls)
Vestibular, proprioceptive, kinesthetic, 
tactile, audio-visual
Greater than gigabyte per second
Teraflops, equivalent to 50-100 billion 
neurons
2.2.2 Geometrical and Kinematic Specifications
Human environments reflect the tall and slender morphology of the adult body.
Additionally, robots must traverse ramps, thresholds, gaps, clutter, and provide space
for other occupants to pass by. Suitable platforms will have a small footprint, navi-
gate in spaces shared by humans, and have the capability to reach low and high places.
For instance, in a human kitchen design, spaces can be as narrow as 36 inches, and
accessible spaces, such as cabinets, may extend over 2 meters in height.
Human environments prominently feature graspable objects on the floor, on tables,
and on high shelves, therefore a robot should be capable of having a similar range.
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Since placement of the arm(s) on the platform is critical for defining the reachable
workspace, they should be positioned near the top of the robot.
Furthermore, human environments are designed to make important visual cues vis-
ible from “Head Height” (3-7 ft.). Thus, some instrument packages (such as cameras
and microphones) are best located up high to oversee the manipulator’s workspace,
and to have the best perspective on the environment for navigation. A robot with
a morphology similar to a humans can take advantage of as much of the structure
already present in the environment.
2.2.3 Payload Specifications
Manipulation systems encounter objects that span a great degree in size, shape,
and mass. Depending on the object or tool, fingers may be sufficient for small precise
operations and power grasps can handle objects up to several centimeters. The mass
of objects that human typically manipulate range over three orders of magnitude. To
support common chores around the home, a robot should be able to grasp and lift
common items such as those found in grocery stores. In addition, pay load capac-
ity should support picking up and carrying significant loads. For transporting large
payloads, bimanual grasps may be necessary. Table 2.2 lists object scales and masses
that are characteristic of human manual behavior.
Object Object Object
Grasp type log10 Scale (m) log10 Mass (kg) log10 Mobility (m)
fingertip: -2 -1 -2
power grasps: -1 0 -1
bimanual: 0 1 0
mobile manipulators: 1 2 1
Table 2.2. Typical scales for grasped objects in human environments.
The range of specifications for grasped objects requires multiple scaled mecha-
nisms. The progression from large to small objects and mass is associated with a
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proximal to distal mapping of actuation engagements. Thus, given the trade-off be-
tween power and weight, it is natural to place large actuators close to the body. In
this location, limb inertia is minimized and the kinematic chain can branch towards
multiple small end effectors as the lever arms supporting payloads are decreased.
2.2.4 Mobility Specifications
Table 2.2 highlights the complementary nature of manipulation and mobility in
their capacity to move objects with varying size and mass. Fingertip grasps are
generally applied to small objects that are controlled to fine precision (velocity and
range of motion). However, human scale velocity (in Table 2.3) can easily exceed
several meters per second when the entire body is utilized in tasks such as throwing.
Thus, the appropriate delivery of velocity and range of motion requires the design of
high performance dexterous machines.
Grasps log10 Object Velocities (m/sec)
fingertip: -2
power grasps: -1
bimanual: 0
mobile manipulators: 0
Table 2.3. Typical log10 velocity required by robots for human environments.
Gross motor mobility (over large ranges of motion) are commonly implemented us-
ing statically stable mechanical structure. Statically stable designs get wider as they
get taller. Mass should be concentrated near the ground and acceleration should be
kept low enough to keep the center of gravity inside the supporting polygon of the
base. For these reasons (and previous arguments for safety), the uBot-5 employs a
dynamically stable chassis that can be used to support large payloads high above a
small footprint on the ground and realize high longitudinal accelerations. Legged or
wheeled systems can traverse the greatest variety of terrain while meeting tall and
narrow form factor specifications. Legs require a significant amount of energy to op-
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erate, require more complex control, and often add significant weight, however, many
terrains that are accessible to humans are also accessible to a wheeled robot (ADA
guidelines are designed to make buildings available to wheeled vehicles). A wheeled
robot allows controls to be simplified and overall mass can be significantly less than
its legged counterpart. A balancing robot is also able to have larger wheels than
statically stable platforms (with the same footprint), and thus it can roll easier over
rough terrain and across cluttered environments. As a result of all these considera-
tions, uBot-5 was designed as a dynamic balancer (inverted pendulum) to produce a
small footprint, capable of growing to support large payloads (instrument packages
and upper body) up high, and with wheels instead of legs.
2.2.5 Safety Specifications
Dynamic stability introduces potential performance advantages, but a robot that
can fall over eventually will. This (infrequent) event may cost more than the added
value of dynamics. Dynamically stable robots (and humans) are potentially unsafe
and appropriate designs should incorporate both passive and active considerations for
minimizing the probability of unsafe behavior. One means of minimizing predictable
risk is to control the Cartesian impedance of the robot. The controlled inverted
pendulum yields a low overall stiffness for a balancing robot.
In some cases, as with exploring unknown environments, humans rely on low
impedance (compliance) in the arms and hands. When many human beings are mov-
ing about in a crowded room, they rely on low impedance to keep the forces from
inadvertent collisions to a minimum acceptable level. This design is extended into
an impedance controlled upper body. Precise manipulation tasks often require high
impedance so that error is minimized. Primitive force control allows limits to be
set on the magnitude of interaction forces between the robot and the environment.
Controllable impedance characteristics (the ratio of force output to velocity input)
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enhances safety, performance, and robustness by matching impedance to different sit-
uations. Furthermore, minimizing the mass of the robot and stored potential energy
also reduces the magnitude of impact forces in uncontrolled collisions.
2.3 Summary
The design of whole-body mobile manipulators for human environments should
be driven by consideration for simplicity, serviceability, robustness, and cost. Thus,
uBot-5 focuses on system integration. System performance is derived from synergis-
tic relationships between a small number of components. We expect that integrated
designs will perform better by combining mechanical toughness, with perceptual sensi-
tivity, and behavioral skills that preserve long term viability. My goal is to put mech-
anism and control on equal footing and to increase performance in a more integrated
hardware and software co-design. I claim that an integrated design methodology
(mechanical, sensing, and computation) will produce a greater level of performance,
ease programming complexity, and decrease the net cost of the machine.
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CHAPTER 3
THE UBOT CONCEPT FOR WHOLE-BODY MOBILE
MANIPULATION
3.1 The uBot Series
The design of the uBot-5 platform began with the goal of developing a way to
combine mobility and manipulation in a seamless manner. The uBot-5 design is in-
formed by several generations of earlier designs. The uBot platform has evolved from
a reconfigurable micro-robot for studying multi-agent behavior to a balancing robot
featuring trunk rotations, two 4 degree-of-freedom arms, and whole-body postural
control.
3.1.1 uBot-0
The first uBot was a simple statically stable mobile base and did not support
manipulation. The uBot-0 (Figure 3.1(a)) was constructed in 1997 at UMass from
inexpensive and widely available materials and hardware. Hobby airplane wheels
were attached to a base made from perforated PCB board in a differential drive
configuration. It was a prototype element of an approach to a distributed, multi-
robot experimental platform concerned with multi-robot collaboration and communi-
cation. Hobby airplane casters were placed at the front and back for static stability.
A Motorola HC6811 processor monitored the sensors, controlled wheel motors, and
computed odometry. The platform used a reactive control framework, inspired by
Braitenberg [9], that provided inputs to the differential drive. uBot-0 executed con-
trollers that were attracted to thermal stimuli and repelled from obstacles detected
by sonar.
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(a) uBot-0. (b) uBot-1 navigating a maze-like
environment.
Figure 3.1. The first two uBots in the series
3.1.2 uBot-1
uBot-1 was a one generation improvement of uBot-0 used in the same type of re-
search question (Figure 3.1(b)). The uBot-1 borrowed design ideas from the uBot-0
including a small form factor and limited on-board computational power. It im-
proved upon the design by incorporating high performance motors, reconfigurable
sensors (infrared proximity), and wireless communication (infrared or radio). This
configuration was used to demonstrate a control theoretic framework for multi-robot
collaboration. The design supported exploration within a set of control states and
actions that satisfy global specifications on the behavior of the team. Sweeney et
al. [54] demonstrated this framework in a maze exploration task. In Sweeney’s maze
experiment, pairs of robots explore a maze while maintaining line-of-sight to protect
global network connectivity. Figure 3.2 shows two uBot-1 robots searching a maze
using a leader-follower control composition while simultaneously preserving visual
line of sight. The control scheme is used to assemble multi-objective controllers to
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manage redundant degrees of freedom and applies (theoretically) to heterogeneous
team of robots.
Figure 3.2. Two uBot-1 robots performing a maze exploration while maintaining
the line-of-sight constraint.
One of the disadvantages of the uBot-1 design was that the drive system performed
poorly on surfaces that were not smooth and flat. This was because its wheels pro-
vided limited surface contact and thus resulted in poor traction. To compound the
problem, the spherical Teflon R© casters that provided static stabilization, had small
contact areas with the floor, thus limiting the effective velocity of the platform and
catching on small surface imperfections and debris.
3.1.3 uBot-2
Due to symmetry in the base drive geometry, the uBot-2 (Figure 3.3) was adapt-
able for balancing behavior. The symmetry was originally chosen so the platform
could have a nearly circular shape and turn in place as well as traverse horizontal
ground planes. The successive iterations of the platform have retained this mobility
feature.
uBot-2 explored closed-loop balancing control to address the principal limitations
of uBot-1. As a result, the platform was able to traverse a wide variety of terrain.
Reconfigured this way, uBot-2 increased speed, performance, and maneuverability
but required active stability control. A classical Linear Quadratic Regulator (LQR),
whose inputs derived from a rate gyro and accelerometer, was employed to stabilize
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Figure 3.3. The uBot-2 balancing on top of a balancing Segway RMP.
the inverted pendulum. The LQR optimizes the behavior of the inverted pendulum
in the neighborhood of the vertical posture. However, the platform could fall from
vertical to prone when the state of the platform departs significantly from the original
linearized model. Balancing on two wheels creates a robot that is naturally compliant
since the longitudinal impedance of the non-holonomic base is dominated by the low
input impedance of the inverted pendulum. The natural compliance enhances safety
when the platform operates around people since the platform tends to comply easily
to environmental forces.
uBot-2 showed a respectable mean time between failures despite many crash land-
ings caused by inexperienced drivers or environmental perturbations. The ruggedness
is due in part to the small scale of the platform that results in relatively small impact
forces. This robustness was considered extremely attractive because the platform
could be used to explore the bounds of the stability controller, and to attempt tasks
that could potentially result in a loss of stability. For these reasons, a commitment
to small scale was adopted throughout the subsequent uBot line.
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The balancing behavior of the inverted pendulum can also mimic human bipedal-
ism and suggests that a humanoid robot with two arms and two wheels would be
suitable for research in mobile manipulation for human environments. The Univer-
sity of Massachusetts Amherst Dexter (Figure 3.4) consists of two Barrett WAM
arms, each with a 3-finger Barrett hand. The fingertips are instrumented with 6-axis
force/torque sensors. Dexter has shown dexterous manipulation of unknown objects
and tool use with and without teleoperator control [15].
Dexter is normally stationary and relies on a rigid base for stability and preci-
sion. However, by placing the dynamically balancing uBot-2 platform within Dexter’s
reachable workspace, manipulation tasks were performed that were subject to inter-
action forces. These interactions mimicked those that a dynamically stable WBMM
would experience. The system achieved stable grasps and relied on force feedback
from a master arm that translated balancing uBot-2 self-motion into displacements
on the slave arm while it simultaneously turned a light bulb [50]. The results suggest
that high fidelity force feedback and active control is necessary to deal with inter-
action dynamics. While it is also necessary to compensate for self-motion, a typical
characteristic of balancing platforms.
3.1.4 uBot-3
The uBot-3 (Figure 3.5) started as a feasibility study for a dynamic balancer that
was equipped with two 3 degree-of-freedom arms actuated by hobby servos. The
uBot-3 was built by a CS503 class (Embedded Systems) and was used primarily to
conduct simple pushing experiments. Quantitative analysis of the advantages of pos-
tural control are discussed at greater length in Section 5.1. The initial study also
concluded that with only 3-DOF per arm, this version of the uBot had a limited
bimanual workspace. Because of the low power motors, uBot-3 was also not able to
right itself after a fall. Despite these shortcomings, uBot-3 established the the first
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Figure 3.4. The uBot-2 presents dynamically stable environment to the Barrett
WAM stationary manipulator in the task of screwing in a light bulb.
technical results at UMass regarding the interaction of a balancing platform and a
”live load” upper body. This problem space was viewed as an important opportu-
nity that has not yet received a great deal of attention. Thus, a commitment to
dynamically stable bimanual manipulators was reflected in subsequent iterations.
Figure 3.5. Balancing uBot-3 pushing a box.
3.1.5 uBot-4
The uBot-4 mobile manipulator concept began with models represented in en-
gineering design CAD software beginning in mid 2005 (Figure 3.6). Relative to the
uBot-3, the uBot-4 has a higher center of mass, larger wheels, a higher top speed, more
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powerful motors, greater on-board computation, larger workspace, more degrees-of-
freedom, and greater battery capacity.
The uBot-4 has two four degree-of-freedom arms and a rotating shoulder girdle.
This design allows the platform to handle objects that are not directly in front,
without having to change the heading of the base. The platform is relatively stiff
laterally and compliant longitudinally. The trunk rotation allows the robot to apply
this anisotropic passive stiffness to tasks appropriately.
The geometry of the arms and the upper body was designed to create an effective
bimanual workspace while grasping a 12 inch sphere. Figure 3.7 demonstrates various
bimanual grasp configurations for this prototype object. The length of the arms was
chosen so that the bimanual workspace also includes a large region on the ground
plane.
Figure 3.6. Poses reflecting some of the uBot-4 workspace. The circle represents
reachable workspace on ground plane (body is vertical).
CAD models of the robot were used to estimate the weight and center of mass
of the robot. Prior to manufacturing, body mass distribution and strength-to-weight
ratios were estimated for the aluminum frame using motor models and pulley and
gear reduction ratios in the representative postures in Figures 3.6–3.8. These pa-
rameters were integral to balance the strength and speed requirements for the limb,
and to guide the selection of motor/gearbox combinations. uBot-4 used the same
motors as in previous uBot generations. As a result, it was not possible to achieve
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(a) (d)(b) (c)
Figure 3.7. Various grasps of a 1 foot diameter ball. Images (c) and (d) demon-
strate bimanual joint range limits for this object.
an optimal reduction ratio. Design tasks were selected to specify velocities and force
requirements in the actuator and drivetrain design including throwing, bracing for
a fall, dissipating impact forces with the arms, and performing push-ups. Some of
these tasks were right on the performance boundary of the design and required that
motor and drivetrain design be reconsidered in uBot-5.
Figure 3.8. uBot-4 demonstrating push-up from prone position.
In Figure 3.8, uBot-4 demonstrates a push-up motion represented as a cubic spline
through predetermined via points. As a proof of concept, the push-up motion exposed
hardware inadequacies in the form of drivetrain belt slipping and end-effectors slipping
on the ground. In certain tasks, the under-actuated elbow of the uBot-4 proved
marginally inadequate. Often, when doing push-ups the elbow would collapse during
the motion and success was very sensitive to battery charge.
The uBot-4 prototype involved a significant integration effort. This work included
custom machining, printed circuit board (PCB) fabrication, and the development of a
29
Figure 3.9. uBot-4 demonstrating range of abilities (from left): shoveling, bucket
stacking, drawer pushing, and throwing.
computing platform including an embedded motor control architecture. Printed cir-
cuit boards for power distribution were developed using PCB design software. CAD
software was utilized to generate drawings for custom mechanical parts. The com-
puting platform and peripherals for motor current amplification and low-level motor
control were constructed from commercial off-the-shelf components. The embedded
compute system required custom software to interface the peripherals and provide
network connectivity to off-board processing.
I led a team including: Bryan Thibodeau, Mike O’Malley, Ed Hannigan, and Dirk
Ruiken to demonstrate a variety of fully integrated tasks with the uBot-4. These
tasks included pushing a drawer closed at a height greater than its center of mass,
grasping, lifting and transporting of a small rubber ball, and throwing a racquet ball
(see Figure 3.9). At around $15,000, the uBot-4 demonstrated that the concept could
successfully merge performance with cost effectiveness.
3.2 The uBot-5
The uBot-5 is a dynamically stable, differential drive two-wheeled robot with a
rotating trunk and two four degree-of-freedom arms (Figure 3.10). The robot incor-
porates advanced on-board computing, high density power supplies, and high perfor-
mance motor controllers with intrinsic force measurement. Approximately the size
and weight of a four year old child, the uBot-5 is designed to be playful, approachable,
and safe around humans.
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Figure 3.10. A solid model rendering of the uBot-5 design showing the location of
the actuator for each degree of freedom.
The innovative platform integrates speed and agility with the capacity to interact
forcefully with the environment in various bimanual manipulation tasks. Dynamic
balance enables the platform to support relatively large payloads high above the
ground with a small footprint. The marriage of mobility and manipulation affords the
ability to create momentum in powerful, massive structures and to transform it into
kinetic energy in smaller limbs and grasped objects to address throwing, weightlifting,
and hitting tasks. Figure 3.11 shows the uBot-5 throwing a regulation baseball nearly
20 feet while balancing. The platform can impart forces to environmental surfaces
with magnitudes on the order of its body weight (so it can perform a push-up) and
during collisions with the environment can significantly dissipate the impact (e.g. a
safe anticipatory brace for a fall). These characteristics represent a designed balance
between the capacity for velocity and strength.
uBot-5 is small, lightweight, and mechanically robust. It uses an open chassis
design to protect mechanical and electrical components from direct impact forces.
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Figure 3.11. The uBot-5 exploits upper body dynamics to throw a baseball while
maintaining postural stability.
The small stature of the robot contributes to toughness by limiting the potential
energy in the system. Within the chassis, care was taken to place actuator mass as
close to the trunk as possible so that the inertia of each arm is minimized.
The performance of the uBot platform is increased by several improvements over
its predecessors, including motor upgrades, a high performance FPGA motor control
system, and a redesign of the chassis to increase the internal volume for electronics.
Table 3.1 lists some general parameters of the uBot-5 design.
Table 3.1. uBot-5 physical parameters
Property Value
Height 0.70m
Width 0.58m
Depth 0.20m
Footprint Width 0.40m
Footprint Depth 0.20m
Weight 17kg
Battery Capacity 13.8Ah at 13.2V
Lifting Capacity of two arms at Full Extension 49 N
Top speed 12km/h
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3.2.1 Platform Kinematics
A dexterous robot is able to manipulate objects in the environment in many
different contexts. Dexterity itself conjures ideas of agility, swiftness, and adroitness
in problem solving, especially relating to hands. A great deal of thought has been
given to the dexterity of the uBot, even at the expense of other design goals. For
example, a unique function of a mobile manipulator concerns the ability to reach to
and touch environmental surfaces in order to participate in mobility functions and
use contacts to stabilize the platform, including bracing against the ground in the
event of a fall. Figure 3.12(b) demonstrates grasping a ball on the floor. For a robot
with wheels instead of legs, this functionality leads to a rather short ape-like stature
(Figure 3.12(a)). While this design may be beneficial in bracing for a fall, it hinders
the robot’s ability to reach elevated spaces (e.g. the top shelf of a kitchen cabinet).
joint i αi−1 ai−1 θi di
base rotate 1 0.0 0.0 0.0 0.101
wheel tilt 2 pi/2 0.0 0.0 0.0
torso rotate 3 pi/2 0.006 0.0 0.549
arm tilt 4 pi/2 0.002 0.0 0.211
arm pan 5 pi/2 0.027 0.0 0.0
arm twist 6 pi/2 0.0 0.0 0.236
elbow 7 pi/2 0.032 0.0 0.0
end effector 8 pi/2 0.0 0.0 0.239
Table 3.2. D-H Parameters for left arm.
The body and mobility design enables the robot to manage tight corridors and
shared spaces with humans such as kitchens and hallways. The ability to reach the
floor in an upright posture enables the robot to return to a vertical posture from
the prone position (push up) and to brace against a fall. Small mass and stature
are important developmentally to reduce the potential energy and reduce the risk
associated with learning to exploit dexterous mobility options. Once the risk has
been mitigated, the chassis can be scaled to match the reach of an adult human.
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(a) CAD model of uBot-5 design illustrating chas-
sis dimensions and link lengths.
(b) The uBot-5 demonstrates a large, bi-
manual workspace while reaching to a ball
on the ground
Figure 3.12. uBot-5 kinematic design and workspace
The Table 3.2 lists the Denavit and Hartenberg (DH) parameters that reflect the
rigid bodies and the revolute joints that connect them for the present uBot-5 design.
3.2.2 Differential Drive Configuration
Mobility in the uBot series is provided by two wheels in a differential drive config-
uration. The balancing differential drive is designed to go most places where humans
typically go, and to move into and out of handicap accessible buildings (automatic
doors, elevators, ramps, etc.) at roughly human walking speeds. Since the platform
can rotate in place, balancing control is only considered about the wheel axis. In
situations where terrain is more challenging, the upper body can deliver forces on
environmental surfaces to stabilize and propel the robot.
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Figure 3.13. Geometry of the differential drive mechanism. Rotation is the result
of a different between wheel velocities.
Figure 3.13 shows the change in orientation, θ, of the platform when the left
wheel velocity, υl, and the right wheel velocity, υr, are not the same. The change in
orientation from the point of view of the left wheel is described by the differential
equation:
d θ
d t
=
(υr − υl)
b
(3.1)
Integrating Equation 3.1 with the initial orientation of the robot, θ(0) = θ0, the
robot’s orientation as a function of wheel velocity and time:
θ(t) =
(υr − υl)t
b
+ θ0 (3.2)
The robot’s overall motion depends on the velocity at the midpoint of the axle, the
average of for the two wheels (υr + υl)/2. The differential equations for the x and y
positions of the midpoint are:
dx
d t
=
(υr + υl)
2
cos(θ(t))
d y
d t
=
(υr + υl)
2
sin(θ(t)) (3.3)
Integrating, the equations for the x and y positions of the midpoint are:
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x(t) = x0 +
b(υr + υl)
2(υr − υl)
[
sin
(
(υr − υl)t
b
+ θ0
)
− sin(θ0)
]
y(t) = y0 +
b(υr + υl)
2(υr − υl)
[
cos
(
(υr − υl)t
b
+ θ0
)
− cos(θ0)
]
(3.4)
3.2.3 Actuator and Drivetrain Design
The trade-off analysis between high torque and backdrivability for uBot-5 involved
several guiding cases. On one hand, push-up tasks require large torques. However
large output forces require a significant gear reduction and/or large rotor mass and
both parameters tend to decrease passive backdrivability. On the other hand, throw-
ing and bracing motions require high speed actuators. However, in consideration for
uBot-5’s limited on-board power capacity, choosing a large gear reduction helps to
conserve power. This is particularly important as motors are frequently operated
near zero speed or stall conditions during manipulation tasks. Thus, the final config-
uration of the uBot-5 errs toward strength and efficiency over high speed, backdrivable
actuators. Table 3.3 summaries the actuator and drivetrain choices for uBot-5.
Joint Motor Power (W) Reduction Pulley Reduction Type
Wheel 3257 84 14:1 1:1 Belt
Shoulder 2642 23 43:1 1:1 Cable
Arm Tilt 2342 20 43:1 2:1 Cable
Arm Pan 2342 20 43:1 3:1 Belt
Arm Twist 2342 20 43:1 3:1 Belt
Elbow 2342 20 43:1 3:1 Cable
Table 3.3. Micromo coreless 12V DC motor and drivetrain specifications for uBot-5.
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3.2.4 Force Feedback Options
Force based control is considered important to uBot research. Many technologies
have been explored including current feedback, series elastic actuators (SEA), and
intrinsic load cells.
The uBot-5 is capable of measuring current in all upper body motors. A low pass
filter is used to smooth the signal prior to analog to digital sampling. Unfortunately
the motor current sensor is also affected by a ±9% non-linearity over its range due
temperature related changes in resistance of the motor coil, current amplifiers, and
lead wires. Moreover, the measurement is on the wrong side of the gearbox. Due to
this design choice, current sensing is affected by a significant loss in accuracy over
more direct sensing methods. Therefore, motor current sensing provides only very
low resolution force feedback.
The Series Elastic Actuator (SEA) is an example of an actuation technology that
balances passive compliance and performance [48] using with substantial gear reduc-
tion ratios. This type of actuator has also been used to implement active impedance
control [47]. Such an actuator is constructed by placing an elastic element in series
with a motor, either between the motor and the load (SEA) or between the motor
and the motor mount (Force Sensing Compliant Actuator, FSCA). Force control is
enabled by sensors that measure the spring displacement and relate displacement
to motor torque. The elastic element also provides compliance that helps to pro-
tect the drivetrain. However, the main disadvantage in terms of performance is that
with increased compliance, the bandwidth and precision of the manipulator can be
diminished.
The uBot-5 employs a motor mount design that supports plans for future use of
series elastic elements or intrinsic load cells on the load side of the gearbox. The
intermediate implementation employs a stiff aluminum beam as the elastic element.
To implement force sensing, a strain gauge can mounted to the beam. The gauge
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changes resistance in proportion to strain in the beam and signal processing hardware
can provide a calibrated output torque measurement. At this time, a prototype strain
gauge has been implemented and tested. Additional empirical work is required to
determine if the sensor provides suitable performance (e.g. meeting noise, accuracy,
and precision specifications) for use as calibrated torque feedback variables in a force
control system.
Due to implementation difficulties with the complex current sensing and strain
gauge FPGA design software, force feedback was put off until subsequent revisions
of the platform. Thus, part of the ongoing development of the platform will be to
assess the performance of the force control and actuator design.
3.3 Hybrid Mobility Modes
uBot-5 explores a design point that couples mobility and manipulation at the
expense of introducing challenging control and learning issues. Nikolai Bernstein ob-
served that biomechanical systems exploit dexterity by creating seamless solutions
to the “degree of freedom” problem [37]. Bernstein proposed that in motor learn-
ing, degrees of freedom are initially frozen to decrease motor learning complexity
and unfrozen incrementally to re-introduce degrees of freedom. This strategy, ac-
cording to Bernstein, bootstraps the motor learning process and creates coordinated
motions that exploit dynamics. Often, redundant degrees of freedom are exploited
to address secondary objectives while executing a reference endpoint trajectory [62].
The uBot takes the approach that mobility and manipulation are two aspects of a
multi-objective control system that can be applied to whole-body applications. The
robot design, mechanically and computationally, is organized to support learning
mechanisms for acquiring dexterous strategies for mobility and manipulation.
uBot-5 is capable of a variety of discrete postural stability modes, with differing
resource engagements. The simplest (and most stable) mode of the uBot-5 is the
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prone posture of the robot, where it lies (face down) on the ground plane. The
free hands may be used for some other task, or repositioned in a sequential gait to
“scoot” the platform across the floor. Figure 3.14(a) demonstrates the robot reaching
for a ball from the prone stance. Prone mobility is useful in vertically restricted
environments such as under tables.
(a) Prone (b) 4-point Stance (c) 2-point Stance
Figure 3.14. Various hybrid mobility modes
In a sequence of control actions that place its arms in a push-up configuration
and then execute the push-up, the robot is capable of transitioning from the prone
posture to the “4-point” posture. From there, one hand may be withdrawn to yield
the “3-point” stance. Three contact points is the minimum necessary to achieve a
statically stable posture. These postures are considered mobility modes if the robot
is able to translate or rotate without falling over. This configuration serves to sup-
port knuckle walking gaits over terrain that is too challenging for a 2-point cart-pole
balancer. The additional degrees of freedom in the upper body increase the number
of mobility modes by employing permutations of 3-point contact geometries. The
maximum number of contact points we will consider is four, the two end-effectors
and the two wheels (Figure 3.14(b)).
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The 2-point stance employs the dynamically stable, cart-pole balancer to leave
arms and hands free (Figure 3.14(c)). In this mode, the differential drive equations
described earlier are used to provide gross motor control in large scale spaces.
3.4 Summary
The uBot-5 is a whole body mobile manipulator designed to interact in unstruc-
tured environments, characterized by great variability. The uBot-5 can use its entire
structure for mobility and manipulation, enabling it able to reach out and grasp ob-
jects that vary in scale and position. The platform’s 11 degrees-of-freedom support a
large workspace and enable versatile mobility. The design also features a rugged, un-
tethered frame so that programmers and learning algorithms can rely on exploration,
and the freedom to “make mistakes” without severely damaging the robot. In this
chapter, I have provided a complete review of decisions and the resulting mechanical
design for uBot-5. In the next chapter, I will present the complementary hierarchical
compute architecture that manages the flexibility of the robot.
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CHAPTER 4
HIERARCHICAL COMPUTE AND CONTROL
ARCHITECTURE
The mechanical flexibility and dexterity of the uBot-5 is equally complemented by
an embedded compute architecture designed to control multiple degrees-of-freedom
and produce smooth, reactive, coordinated arm and body motion. At the lowest level,
FPGA fabric supports reactive motor units characterized by minimal computational
requirements, high update rates, and low latencies between sensors and actuators.
More complex, higher level sequential and coordinated motions are possible within
the FPGA core and at the PC/104 level as they require lower update rates and
latencies, but have greater computational utilization. This architecture implements
control hierarchically in three levels (Figure 4.1).
A Field Programmable Gate Array (FPGA) provides the lowest level of motor
control at 2kHz. The FPGA fabric processes signals directly from quadrature en-
coders (motor position and velocity) and updates the motor torque via a pulse-width
modulated (PWM) signal using PID controllers. This embedded computation im-
plements controllers analogous to human spinal motor units. The FPGA includes
an integrated PowerPC code where the balancing controller is implemented. Other
reflexes are implemented on the PowerPC core or on the PC/104+. Policy-level al-
gorithms requiring more computation and less bandwidth and sensor processing are
implemented on the PC/104 or off-board using the wireless network. Figure 4.2 shows
the location of several of the embedded control sub-systems.
The uBot-5 also utilizes a single board compute architecture (PC/104+ standard)
running a variant of the Linux OS or Windows XP to provide wireless 802.11 network
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Figure 4.1. Diagram showing the design of the hierarchical compute architecture.
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Figure 4.2. A solid model rendering of the uBot-5 design showing the location of
embedded control sub-systems.
connectivity and to implement a policy and action level interface for application
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Figure 4.3. PC/104 System Design.
developers (Figure 4.3). A wireless connection simplifies the on-board hardware and
enables the uBot to participate as a client of sensor networks.
4.1 Embedded Controllers in the FPGA
The Controller Area Network (CAN) bus is one of the most commonly used proto-
cols for interprocess communication in embedded control applications. It delivers low-
latency, high bandwidth (1Mbps), and reliable communication between distributed
processes. However, the throughput of CAN was considered insufficient. Therefore,
in order to realize coordinated motion in all 11 degrees-of-freedom of uBot-5 a co-
located motion control approach was selected.
Custom motor control hardware was developed based on a Xilinx Virtex R©-4 Field
Programmable Gate Array (FPGA). The FPGA provides an independent 2kHz up-
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date rate for position, velocity, and direct PWM duty cycle for 12 channels of motor
control (one more than necessary in the basic uBot-5 implementation).
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Max232 IC Ethernet PHY
PID control loop
peripheral
SPI
peripheral
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UART
PC/104
board
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Figure 4.4. Diagram showing the design of the FPGA subsystem control hardware.
Figure 4.4 shows the functional peripherals implemented in the FPGA fabric.
These include separate free running peripherals for PWM signal generation (12-bit,
20kHz motor power modulation), quadrature encoder capture (32-bit position and
velocity measurement), and several Serial Peripheral Interconnect (SPI) communica-
tion bus channels. An on-die PowerPC core, utilizing interrupts to maintain real-time
guarantees, bridges between the FPGA, the PC/104, and off-board computing by way
of a serial or Ethernet bus. Figure 4.5 illustrates the embedded system architecture
and FPGA feedback.
The drawback of utilizing a co-located motor controller is the added complexity
of cabling. Each actuator typically requires many individual signals including wires
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Figure 4.5. Diagram showing information flow between low-level motor control
hardware.
for fault or status monitoring, feedback, and drive circuitry. An approach where the
control processors are distributed spatially is often able to consolidate wires and con-
centrate data over a serial communications bus. Figure 4.6 shows the motor amplifier
PCB design with separate connections from the FPGA to realize closed-loop control
with intrinsic force feedback. A dsPIC microprocessor was utilized to partially miti-
gate the cabling issue by implementing a local sensor interface whereby filtered data
could be sent back to the FPGA over the CAN bus. This was a practical solution
because some sensor feedback (e.g. strain gauge measurement) had much lower band-
width and timing constraints (vs. quadrature encoder signals for instance). This also
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did not require a dedicated peripheral in the FPGA fabric to meet performance re-
quirements.
Figure 4.6. Diagram showing the design of the H-bridge subsystem control hard-
ware.
The CAN bus provides expandable sensor I/O that refreshes data directly into
the PowerPC memory. In this manner, force measurement and signal conditioning
can be distributed on the microcontrollers located near each motor to reduce signal
noise. In order to implement balancing behavior, filtered values for body tilt and rate
of tilt are available on the CAN bus from an inertial measurement unit (IMU) that
utilizes a miniaturized accelerometer and rate gyro (Figure 4.7). The accelerometer
relates tilt of the body to measured gravity depending on the orientation of the sensor.
The tilt and rate of tilt are filtered to eliminate steady state inaccuracies and reduce
sensitivity to non-gravity related accelerations.
The uBot-5 features reflexes that must operate with a very low latency response.
High level processes are not suitable for the implementation of reflexes because they
suffer from large and variable communication latencies between the high level hard-
ware and the embedded controllers. High level reflex processes would also be subject
to preemption, jitter, and latency by the operating system. Therefore, the embedded
FPGA hardware is specially designed to provide a low latency control loop between
sensors and effectors. However, resources such as memory and computational cycles
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Figure 4.7. The uBot-5 inertial measurement system design.
are very limited and the embedded control code is designed to meet trade-offs be-
tween algorithmic complexity and implementation resources. Therefore, high-level
applications code resides on the PC/104 stack where CPU and memory resources are
less constrained and timing requirements are easily met with commercial operating
systems.
4.1.1 Motor Units
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Figure 4.8. Generalized feedback control structure.
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The independent degrees of freedom of the robot are actuated using embedded
equilibrium setpoint controllers (or motor units) that apply torques to the mecha-
nisms comprising uBot. These motor units use control laws with negative feedback
(Figures 4.8 and 4.9) to stabilize the output load, 1
M
, subject to environmental per-
turbations, fd while minimizing the error between the observed state feedback, xact,
and real-valued position references, xref . Figure 4.9 shows the separation between
computation (digital) and the physical world (analog), where the control parameters
are provided by higher-level controllers. At the lowest level, the digital computed
control utilizes a Proportional-Integral-Derivative (PID) control law. The PID forms
a primitive basis for subsequent hierarchical closed-loop control.
Actuator
Analog Plant
−+
Digital Computed Control
FPGA
PID Motor
SensorFilterqref
τ c τm τ net
qact
x¨
τ d
∑
∑
1
M
Figure 4.9. Hybrid digital/analog feedback control structure.
4.1.2 Impedance Control
Impedance is defined as the ratio of force to velocity.
Z =
F
V
(4.1)
For instance, the transfer function of an ideal spring is the ratio of velocity and
resulting force output, K
s
, where K is the spring stiffness,
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ZK(s) =
KX(s)
sX(s)
=
K
s
(4.2)
Equation 4.3 represents the general impedance relation describing the Spring-
Mass-Damper system. A controller based on this expression tracks a reference tra-
jectory and rejects disturbance forces governed by a simple spring-mass-damper model
(Figure 4.10).
Figure 4.10. Desired impedance behavior modeled as a Spring-Mass-Damper sys-
tem.
MX¨ +B(X˙ − X˙o) +K(X −Xo) = Fe (4.3)
where X = [x y z]T is the 3 × 1 vector of the task space coordinates, and Xo, X˙o
are the desired trajectory and velocity of the end effector. The forces ∈ <3 derived
from Cartesian space impedance law (Equation 4.3) can be mapped into configuration
space
τe = J
T (q)Fe (4.4)
and applied to the whole-body computed torque dynamic equation of motion to yield
H(q)q¨ + C(q, q˙)q˙ +G(q) + τe = τact (4.5)
where H(q) is the configuration dependent inertia matrix, C(q, q˙) is the Coriolis and
centrifugal term, G(q) is the gravitational term, and τe is the disturbance force from
environment on mass.
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The expression for the nonlinear feedback law for impedance control in operational
(task) space of manipulator using Jacobian is given by Hogan [24]:
τact = G(q) + C(q, q˙)q˙ −HJ−1J˙ q˙ − JTFe
+HJ−1M−1Fe +HJ−1M−1K(Xo −X)
+HJ−1M−1B(X˙o − X˙) (4.6)
The error in position and velocity is multiplied by the desired interaction stiffness
K and damping B terms, resulting in Cartesian PD feedback gains. Sensing of the
interaction for Fe is required in order to achieve an apparent interaction inertia M
that is different from the manipulator’s inertia.
a) uBot-5 Impedance Control Modes
The structure of a task can indicate impedance parameterizations that comple-
ment environmental dynamics. For many operations, such as crank turning, a useful
strategy is to set the robot impedance to be high in directions where environmental
impedances are low and vice versa. Therefore, the robot will produce high forces in
response to velocity errors along the tangent of the crank circle and low forces in re-
sponse to velocity errors radially. Low impedance provides a safe mode for interacting
with unknown geometries in a manner that keeps forces low. Whole-body impedance
specifications can, likewise, be used effectively in the representation and control of
mobile manipulators. For example, a “guarded move” can exploit compliant (low
impedance) configurations to bound contact forces and during tactile exploration.
High impedance can be useful during precision object manipulation and forceful in-
teraction tasks. Whole body impedance configurations can be used to push a heavy
door open efficiently, i.e. without creating unwanted and wasteful internal forces.
Several basic whole-body impedance “modes” are anticipated including: an im-
pact dissipation mode, a low impedance safety mode, and a high impedance mode for
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precision endpoint control. Hannigan [19] demonstrated that anisotropic stiffness in
Cartesian space could be used in the uBot-5 arms to address haptic probing actions
that were precise in subspaces of <3 and compliant in the complementary subspace.
Forceful probing tests have also been performed to identify performance limits of force
control implementations in uBot hardware.
Bracing for a fall requires a sequential impedance specification. For example, a
bracing reflex begins by quickly moving the arms to a bracing position (stiff/high
impedance). When the bracing arm configuration is achieved, an anisotropic op-
erational space impedance specification is utilized that is compliant in the vertical
direction and stiff parallel to the ground plane so that bracing contacts don’t “kick
out” during a fall. During impact absorption, the arms to dissipate energy as they
compress so that forces can be minimized and the uBot’s gearheads, joints, cables,
and electronics are protected.
F = Kserror+
Kb
d
dterror
Figure 4.11. Impedance control feedback diagram.
Figure 4.11 illustrates the impedance controller that provides reference forces to
an embedded force servo and the underlying control law that relates displacements
(positional errors due to contact with the environment) to commanded forces, Fref .
Compliance achieved in this manner requires intrinsic force feedback. However, the
uBot-5 can also operate without force feedback by modifying the parameters of a
joint’s low-level PID position controller with task specific spring and damper param-
eters. In this mode, the I-term of the PID is set to zero. Unfortunately, without
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force feedback the output impedance will diverge from the desired impedance due in
part by significant passive properties of the system (e.g. a motor with a large gear
reduction will appear as an large inertial term due to rotor mass). Furthermore, in
some cases the uBot-5 implementation utilizes a damper term of zero as well since
the system is already well damped by drivetrain friction.
4.1.3 Balance Control
In addition to supporting general-purpose postural control, balance control can
free the upper body for manipulation tasks. Motor controllers for today’s humanoid
robots rarely intentionally exploit the coupling of dynamic balance and manipulation.
Bipedal humanoids usually control the position of the Zero Moment Point (ZMP)
within the supporting polygon of the feet. The result is a quasi-statically stable
mobility platform. Dynamic balance of the uBot employs a closed-loop controller
that maintains the inverted pendulum at a near vertical posture [40]. In practice, we
employ a linearized model of the cart-pole system near the reference vertical posture.
The feedback structure of the closed loop controller makes it robust to bounded
disturbances.
Inertial sensors on the robot as well as wheel encoders resolve chassis position,
velocity, tilt, and tilt rate about the wheel axis. Using the state space representation
of the inverted pendulum, we determine the control input (wheel torque) to balance
the robot vertically and minimize translational error.
Figure 4.12 shows inertially fixed axes iˆ and kˆ and a vector r describing the
position of the center of mass of the pendulum. The vector r can be expressed as:
r = xˆi+ l(ˆi sin θ + kˆ cos θ)
The first derivative of r is
52
lθ
r
x
iˆ
kˆ
Figure 4.12. Position vector of the pendulum used to determine acceleration com-
ponents.
r˙ = x˙ˆi+ lθ˙(ˆi cos θ − kˆ sin θ)
and the second derivative of r is
r¨ = x¨ˆi+ lθ¨(ˆi cos θ − kˆ sin θ)− lθ˙2(ˆi sin θ + kˆ cos θ)
Figure 4.13 shows the free body diagram of the uBot-5 represented as a cart-
pole system. Summing the forces of the cart in the horizontal direction, yields the
following equation of motion:
Mx¨+ bx˙+N = u (4.7)
where u is the force, F exerted by the wheels of the uBot on the ground.
Summing the forces of the pendulum in the horizontal direction
N = mx¨+mlθ¨ cos θ −mlθ˙2 sin θ. (4.8)
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Substituting Equation 4.8 into Equation 4.7, creates the first dynamic equation
for the system.
(M +m)x¨+ bx˙+mlθ¨ cos θ −mlθ˙2 sin θ = u (4.9)
For the second equation of motion, summing the forces acting perpendicular to
the pendulum will simplify the algebra. This results in the following equation
P sin θ +N cos θ −mg sin θ = mlθ¨ +mx¨ cos θ (4.10)
To eliminate P and N terms in the equation above, the moments around the
centroid of the pendulum are summed to yield:
−Pl sin θ −Nl cos θ = Iθ¨ (4.11)
Combining equations 4.10 and 4.11 determines the second dynamic equation:
(I +ml2)θ¨ +mgl sin θ = −mlx¨ cos θ. (4.12)
The system equations are linearized about the vertical posture by applying a
small angle assumption, θ ≈ 0. Substituting cos θ = 1, sin θ = θ, and θ˙2 = 0 into
Equations 4.9 and 4.12 yields:
(I +ml2)θ¨ +mglθ = −mlx¨, and
(M +m)x¨+ bx˙+mlθ¨ = u. (4.13)
Rearranging the linearized equations of motion into state space representation:
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Figure 4.13. Free Body Diagram of inverted pendulum model.
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where y = [xθ]T is the output of the system.
The torque required at the wheels, u, to stabilize the pendulum about a vertical
orientation is given by a Linear Quadratic Regulator (LQR) feedback control law with
gains, k
u = −kTx. (4.15)
The goal of the controller is to keep output variables x and θ near zero.
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The advantages of the LQR over pole-placement methods is that the LQR results
in an optimal controller for the output variables, x and θ, with respect to cost function,
J :
J =
∫ ∞
0
(xTQx+ uTRu)dt (4.16)
whereQ andR are specified to determine a reasonable trade-off between performance
Q and control effort R. For the state space representation of the system specified in
Equation 4.14,
x˙ = Ax+ bu, (4.17)
the value of k in Equation 4.15 that minimizes the cost function is
k = R−1bTS. (4.18)
Matrix S, in Equation 4.18 is a positive definite symmetric matrix satisfying the
matrix Algebraic Riccati equation
ATS + SA− SbR−1bTS +Q = 0 (4.19)
It was well documented that the LQR is an improvement over PID control tech-
niques [42]. The algebraic Riccati equation is easy to solve, either by matrix factor-
izations or by iterating on the Riccati equation. The implementation of the controller
on the uBot involved initializing the parameters
R = 1, and Q =

1 0 0 0
0 0 0 0
0 0 1 0
0 0 0 0

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for the cost function and manually tuning them to optimize the quantitative perfor-
mance.
4.2 Sequential Controllers in the PC/104
The development of mobile manipulation behavior in humans appears to follow
a pattern of staged learning that accumulates control for reuse in subsequent tasks.
One of the most rewarding side effects of learning to walk is that the infant requires
a mobility mode that leaves hands free to pursue new or multiple objectives (i.e. to
enhance the potential for dexterity). It appears that the development participates in
the creation of context driven behavior. For this reason, we equate robot program-
ming to be the behavioral equivalent of development in biological systems.
Although walking control and dynamic stability initially require significant physi-
cal and computational resources and they are risky compared to crawling, they even-
tually become automatic. We define dexterous mobility as the fluid and autonomous
reassignment of effectors for the purpose of maintaining control in a variety of unan-
ticipated situations.
In humans, bipedalism made limbs available for manipulation, communication,
and tool use. Evidence suggests that a tremendous explosion of brain evolution ac-
companied the evolution of the hand and bipedal lower bodies to explore these new
and incredibly rich contexts for interaction. The brain evolved and cognitive struc-
ture emerged to make use of an increased platform functionality. The remarkable
feature of cognitive development is its ability to use knowledge to address incremen-
tally harder problems. Structure should be reused and hierarchies should form by
accumulating successful control compositions. Just as development structures the
formation of neural organizations, control should layer complex, adaptive motor solu-
tions on top of fixed, reflexive, and automatic processes. Thus, the accumulation of
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control structure should start from the bottom and work up, incorporating successful
behavior into the working set of available control.
Taking cues from infant development, the uBot-5 addresses stability and other
WBMM applications as sequential combinations of more primitive controllers. This
includes critical functionality related to postural stability and captured as firmware
implemented on the PC/104 stack.
Postural stability in uBot-5 is represented in the form of a suite of controllers that
transition between discrete postural modes: from prone to a bracing 4-point stance,
to 3-point stances, and finally to a 2-point, balancing mode with arms and hands free.
This control suite includes and “emergency” bracing controller to provide transitions
from 2-point stances to a 4-point, energy dissipation mode in the event of a fall.
Postural stability firmware will influence every subsequent, task-level application
for this WBMM concept. As such, it is not a discretionary control application– it is
a necessary complement to the dexterous mechanical design.
In this chapter, I will introduce postural stability firmware designed to maintain
platform viability and to provide a functional scaffolding for future applications (some
of which will be introduced in Chapter 5). The discussion focuses on controller that
perform transitions between discrete postural modes.
4.2.1 The Control Basis
In this section, we describe a combinatoric framework for constructing closed-
loop controllers. The control basis is defined by three sets: navigation functions Ωφ,
feedback signals Ωσ, and motor resources Ωτ—the latter two are defined exclusively at
design time, grounded in the robot’s sensors and actuators. Ωφ, in contrast, describes
a set of potential functions that serve as primitive subtasks in integrated behavioral
programs.
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Primitive controllers, like the motor units (FPGA fabric) and the LQR for balanc-
ing (FPGA core) have been defined previously. However, postural stability in a ma-
chine like the uBot-5 requires higher-level, sequential control organizations to support
discrete mobility mode changes– the hallmark of a dexterous mobility device. The
Control Basis API (CBAPI) was developed at the Laboratory for Perceptual Robotics
to create programming interfaces to dexterous robots [22]. The CBAPI supports the
construction of sequential actions combinatorially by binding sensor and effector re-
sources to navigation functions to create closed-loop controllers. This approach also
addresses multiple objectives and expresses constraints for safety. To manage the
combinatorial complexity, constraints in the form of valid control combinations are
expressed within the control basis framework.
The Control Basis framework was used to express sequential programs for postural
stability in the uBot-5 in the form of transitions between postural modes and policies
for recovering when postural stability is threatened. Simultaneous objectives, such
as manipulation can be addressed in a control configuration that is guaranteed a
priori to preserve postural stability. The representation also specifies which actions
the policy should choose if stability (the primary objective) is jeopardized. Therefore,
this work provides the functional preconditions of subsequent manipulation behavior.
Primitive actions in the control basis framework are closed-loop feedback con-
trollers constructed by combining a potential function φ ∈ Ωφ, with a feedback signal
σ ∈ Ωσ, and motor resources τ ∈ Ωτ . The notation we use to describe a controller is
c(φ, σ, τ). In any such configuration, φ(σ) is a scalar navigation function [34] defined
to satisfy properties that guarantee asymptotic stability.
Examples of potential functions include fields that describe kinematic condition-
ing [21], harmonic functions for collision-free motion [29], and force closure func-
tions [46]. In this work, we will make extensive use of a simple quadratic function,
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φ(σ) = (σ − σref )T (σ − σref ),
where both σ and σref are determined from features in the feedback signals and 
denotes the feedback error. Potential function φ(σ) can be used to compute quadratic
error functions in generic spaces (workspace, configuration space, force space, and/or
torque spaces).
The sensitivity of the potential to changes in the value of motor variables is cap-
tured in the error Jacobian, J = ∂φ(σ)/∂uτ , where uτ are real-valued control inputs
to lower-level motor units (on the FPGA) are designated by resources, τ ,
∆uτ = J
#φ(σ),
and J# is the pseudo-inverse of J [41].
Multi-objective control actions are constructed by concurrent control actions.
Concurrency is managed by projecting subordinate/inferior actions into the nullspace
of superior actions.
∆uτ = J
#
supφsup +
[
I − J#supJsup
]
J#infφinf . (4.20)
This prioritized mapping assures that inferior control inputs do not destructively
interfere with superior objectives, and this approach can be extended to n-fold concur-
rency relations. In the following, we will use a shorthand for the nullspace projection
that uses the “subject-to” operator “/.” The control expression cinf / csup—read,
“cinf subject-to csup”—is shorthand for Equation 4.20.
The combinations of potentials Ωφ, and resources Ωσ and Ωτ defines all primitive
closed-loop actions A that the robot can employ. Previous work by Huber [27, 26]
and Platt [45] addresses how to direct exploration using constraints on A and how
such programs generalize to new contexts.
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The error dynamics (φ(σ), φ˙(σ, τ)) created when a controller interacts with the
task domain supports a natural discrete abstraction of the underlying continuous state
space [30]. In this work, we will use a very simple discrete state definition based on
convergence events. In the following, we define a Boolean predicate p(φ, φ˙) associated
with a controller
p(φ, φ˙) =

X : φ state is unknown
− : φ has undefined reference
0 : |φ˙| > τ
1 : |φ˙| ≤ τ ,
(4.21)
where τ is a small positive constant that depends on effector resources τ . For asymp-
totically stable controllers, φ is positive definite and φ˙ is negative definite. The “−”
condition means that no target stimuli is present in the feedback signal. A collection
of n distinct primitive control actions forms a discrete state space S ≡ [p1, · · · , pn)].
Within the Control Basis Framework, integrated behaviors are generated by com-
bining and sequencing primitive controllers in a prioritized manner. In the following,
we will derive some of the principle controllers required to construct robust transitions
between the uBot-5’s postural modes.
4.2.2 Controlling Postural Transitions
The mobility behavior for the uBot include several postural modes: prone (face
down), 4-point, 3-point, and 2-point (balancing) stances. Transitions between these
modes were implemented as control firmware on the PC/104. such as balancing,
crawling, scooting, pushing, and bracing were implemented. The integrated policy
for “righting” and moving in an upright posture forms a behavioral foundation for
subsequent control applications for this robot.
The behavior generated in this Section use the Control Basis to represent se-
quences of composite controllers. The primitive operator in the Control Basis is the
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Figure 4.14. The uBot-5 postural stability transition graph.
closed-loop controller. Fully specified, the controller includes sensor and effector re-
sources bound to an artificial potential specifying the objective for a class of con-
trollers. The sensor allocation binds the feedback for artificial potentials to a specific
set of sensory signals. The uBot-5 has several sensor values that are continuously
updated as part of the firmware of the robot. These signals present joint angle and
velocity feedback from all the joints and current (torque) feedback from each of the
4-DOF in the arms. Vestibular feedback from inertial sensors provides body tilt angle
or pitch. In addition, several platform coordinates are available as potential control
variables, these include the (x,y) position of the body and heading from odometry.
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The effector resources specify the actuated degrees of freedom that accomplish the
control objective [46]. The effectors consist of all 11 degrees-of-freedom representing
each of the uBot’s arms and two drive wheels.
(1)
(4)
(2)
(5)
(6)
(7)(3)
(8)
Figure 4.15. The uBot-5 performing a fetch task requiring transitions between sev-
eral postural stability modes including: (1) 2-point stance, (3) prone, and (5) 4-point
stance.
Figure 4.14 shows the transitions between postural modes for uBot-5. From prone,
or the 3- or 4-point stance, the robot can push-up further into a nearly vertical posture
from which the robot can transition to a 2-point balancing postural mode. In this
63
mode, both hands are free to serve as manipulation devices as well as stabilizing mech-
anisms for mobility. These modes and transitions constitute an initial organization
of whole-body postural controllers with the uBot-5 and encodes recovery strategies to
ensure postural stability for subsequent tasks. Figure 4.15 illustrates an integrated
policy with various mode transitions in order to fetch an object from underneath a
table.
4.2.2.1 Prone to 4-point Stance Transition
Often, when doing push-ups the elbow would collapse during the motion and suc-
cess was very sensitive to battery charge. Rather than swapping motor/gearboxes, a
closed-loop controller was implemented to offset this problem. The closed-loop con-
troller reduced slippage by regulating interaction forces parallel to the ground plane.
To protect the relatively weak elbow joint, the control strategy maintains the forearm
perpendicular to the ground, while the shoulder and base wheels transition the plat-
form between prone and full upright stances. This kinematic condition minimizes the
torque required by the elbow motor, and is essential for repeatable push up motion.
The push-up behavior is conceived as the combination of two objectives. The first
is related to protecting the relatively weak elbow joint in uBot-5 from the large forces
involved in the push-up maneuver. To do so, we design a primary control task that
constrains the attitude of the forearm with respect to the ground.
The second objective is to raise the shoulder of the robot vertically from the prone
position up to an upright posture that bears most of the robot’s weight on the wheels.
The resulting 4-point stance is very stable. However, the motors in the upper limbs
are operated at or beyond their thermal limits. The 3-point stance is even more
demanding and the system can only maintain this posture statically for very short
periods.
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Figure 4.16. The geometric definitions underlying the push-up controllers.
Figure 4.16 provides a kinematic description of the robot that is sufficient to
design the controllers for the push-up maneuver. In this application, configuration
variables include the attitude of the body relative to vertical, θ1, joint angles θ2 and
θ2, the relative orientation of the forelimb with respect to the ground plane, θ4, and
the distance from the contact on the limb endpoint to the wheels, l4.
q = [θ1 θ2 θ3 θ4 l4]
If we assume that the wheels and the arms remain in contact with the horizontal
ground plane, the resulting closed-chain mechanism has only two degrees of freedom.
The uBot-5 measures joint angles θ2 and θ3 directly using joint encoders and we
determine the value of the rest of the configuration variables (θ1, θ4, and l4) using the
kinematic relations of the closed-chain mechanism.
The inset on the right of Figure 4.16 illustrates the uBot in an vertical posture with
the same upper body posture posture. The endpoint position of the arm position in
the coordinate frame indicated is written:
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rx = l1 + l2cos(θ2) + l3cos(θ2 + θ3) (4.22)
ry = l2sin(θ2) + l3sin(θ2 + θ3)
Given θ2 and θ3, the value of θ1 that brings the hand into contact with the ground
plane is
θ1 = atan2(rx, ry) + atan2(R, l4).
The orientation of the forelimb with respect to the ground plane is determined
from this closed-chain by observing that
θ1 + θ2 + θ3 + θ4 + pi/2 = 2pi.
so that
θ4 =
3pi
2
− (θ1 + θ2 + θ3).
To compute the last configuration variable, l4, we note that
|r|2 = r2x + r2y = R2 + l24, and
l4 = [r
2
x + r
2
y −R2]
1
2 .
A multi-objective controller for the transition from prone to the 4-point posture is
designed using potential fields to map feedback, σ = [θ2 θ3], to a stream of reference
inputs for motor units ∆uτ = [∆θ2 ∆θ3 ∆l4] in a manner that reflects the independent
objectives of the movement: (1) forelimb attitude, and (2) shoulder elevation. Since
l4 changes throughout the push-up behavior, we must also send reference positions to
the wheels consistent with the changes in θ2 and θ3 to avoid contention between the
arm and wheel motors due to ground friction. All other motor units in the robot are
held fixed, while these closed-loop systems implement the push-up behavior.
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The first objective, is described by requiring that θ4 be maintained near θ4,ref =
pi/2 radians to minimize the torque on the elbow during the push-up. The error
therefore can be expressed as:
 = (θ4,ref − θ4) = θ1 + θ2 + θ3 − pi
The forearm orientation constraint can be represented as a quadratic potential
function (an analog of Hooke’s law) whose Jacobian describes the sensitivity of the
orientation constraint with respect control variables, θ2 and θ3.
JFPC =
[
∂2
∂θ2
∂2
∂θ3
]
, where
∂2
∂θ2
= 2
∂
∂θ2
= 2
∂
∂θ2
[θ1 + θ2 + θ3 − pi] = 2
[
∂θ1
∂θ2
+ 1
]
∂2
∂θ3
= 2
∂
∂θ3
= 2
∂
∂θ3
[θ1 + θ2 + θ3 − pi] = 2
[
∂θ1
∂θ3
+ 1
]
and
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∂θ1
∂θ2
=
[
1
1 + (rx/ry)2
]
∂
∂θ2
[
rxr
−1
y
]
+
[
1
1 + (R/l4)2
]
∂
∂θ2
[
R(r2x + r
2
y −R2)−1/2
]
=
[
1
1 + (rx/ry)2
] [
rx(−1)r−2y (
∂
∂θ2
ry) + (
∂
∂θ2
rx)r
−1
y
]
+
[
1
1 + (R/l4)2
] [
−R(r2x + r2y −R2)−3/2(rx(
∂
∂θ2
rx) + ry(
∂
∂θ2
ry))
]
=
[
1
1 + (rx/ry)2
] [
rx(−1)(l2cos(θ2) + l3cos(θ2 + θ3))
r2y
+
−l2sin(θ2)− l3sin(θ2 + θ3)
ry
]
+
[
−R(r2x + r2y −R2)−3/2
1 + (R/l4)2
]rx(−l2sin(θ2)− l3sin(θ2 + θ3))
+ ry(l2cos(θ2) + l3cos(θ2 + θ3))

=
[ −1
(1 + (rx/ry)2)ry
] [
rx(l2cos(θ2) + l3cos(θ2 + θ3))
ry
+ l2sin(θ2) + l3sin(θ2 + θ3)
]
+
[
R
(1 + (R/l4)2)(r2x + r
2
y −R2)3/2
] rx(l2sin(θ2) + l3sin(θ2 + θ3))
− ry(l2cos(θ2) + l3cos(θ2 + θ3))

∂θ1
∂θ3
=
[
1
1 + (rx/ry)2
]
∂
∂θ3
[
rxr
−1
y
]
+
[
1
1 + (R/l4)2
]
∂
∂θ3
[
R(r2x + r
2
y −R2)−1/2
]
=
[
1
1 + (rx/ry)2
] [
rx(−1)r−2y (
∂
∂θ3
ry) + (
∂
∂θ3
rx)r
−1
y
]
+
[
1
1 + (R/l4)2
] [
−R(r2x + r2y −R2)−3/2(rx(
∂
∂θ3
rx) + ry(
∂
∂θ3
ry))
]
=
[
1
1 + (rx/ry)2
] [
rx(−1)(l3cos(θ2 + θ3))
r2y
+
−l3sin(θ2 + θ3)
ry
]
−
[
R(r2x + r
2
y −R2)−3/2
1 + (R/l4)2
]
[rx(−l3sin(θ2 + θ3)) + ry(l3cos(θ2 + θ3))]
=
[ −1
(1 + (rx/ry)2)ry
] [
rxl3cos(θ2 + θ3)
ry
+ l3sin(θ2 + θ3)
]
+
[
R
(1 + (R/l4)2)(r2x + r
2
y −R2)3/2
]
[rxl3sin(θ2 + θ3)− ryl3cos(θ2 + θ3)]
The second objective of the push-up action is to elevate the shoulder of uBot-5 to
vertical height l1 in the world coordinate frame. This
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objective is stated most succinctly in terms of the postural variable θ1, that is the
reference value for θ1, θ1,ref = 0
1. Under these circumstances,
 = (θ1,ref − θ1) = −θ1.
The push-up objective is the square of error  and the Jacobian, JPU describes
the sensitivity of the orientation constraint with respect control variables, θ2 and θ3.
JPU =
[
∂2
∂θ2
∂2
∂θ3
]
, where
∂2
∂θ2
= 2
∂
∂θ2
= 2θ1
∂θ1
∂θ2
∂2
∂θ3
= 2
∂
∂θ2
= 2θ1
∂θ1
∂θ3
Now that we have precisely defined our two control subtasks, we combine them
using the approach to multi-objective control described by 4.20. Namely, we wish
to elevate the shoulder joint subject-to maintaining a near vertical forelimb attitude.
We write this mathematically as: ∆θ2
∆θ3
 = J#1 ∆φ(pi/2, θ4) + (I − J#1 J1)J#2 ∆φ(0, θ1)
or c(22, σ, τ)/c(
2
1, σ, τ). Here the forelimb postural control objective is higher priority
than the shoulder elevation objective. Note that if the priorities were reversed, the
1Note that this objective cannot be met if this control task is subject-to constraints on the forearm
orientation.
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robot might elevate the shoulder more quickly. However, while elevating the shoulder
it may violate the constraint on forelimb attitude, which could result in instability
due to insufficient elbow motor torques.
4.2.2.2 4-Point to 3-point Stance Transitions
In order to transition to and maintain stable 3-point stances, it is not simply
enough to withdraw one endpoint while in a 4-point stance. This would, in most
cases, result in destabilizing the robot. Kuindersma [35] developed the following sta-
bility criterion and means of achieving a stable 3-point stance.
Commonly, the zero moment point (ZMP) is used as a measure of quasi-static
stability. Given a set of N ground contact points, {p1, p2, . . . , pN} and a set of ground
reaction forces, {f1, f2, . . . , fN}, we use the z-component of the ground reaction force
at each point to calculate the ZMP,
ZMP =
∑N
i=1 pifiz∑N
i=1 fiz
We say the 3-point stance is stable if the robot’s center of mass (COM) projects
onto the ground plane within some small distance of the ZMP. Thus, the controller
that stabilizes the robot in the left 3-point stance must move the ground plane pro-
jection of the robot’s COM toward the ZMP. The ZMP is calculated for the contacts
formed with the ground plane of the wheels and the endpoints of the left arm. The
calculation of the ZMP follows similarly for the right 3-point stance and the 4-point
stance. Figure 4.17 shows the simplified kinematic model used to define the con-
troller.
We define a quadratic potential function,
φT = φ(σcom, σzmp) = (σcom − σzmp)T (σcom − σzmp),
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where σcom = [xc yc]
T and σzmp = [xz yz]
T are signals corresponding to the location of
the COM and ZMP in the ground plane. To minimize the potential, we use control
resources τ = [yz α] (Figure 4.17)to produce base translations and rotations on the
robot. We make the assumption that for small changes in yz and α, the ZMP remains
fixed in the world frame. While the COM projection remains fixed in the robot base
coordinate frame. In practice, this assumption holds because the mass of the body is
much greater than the mass of the arms. Moreover, the ground contact forces change
very little during small movements.
Wheels
COMZMP
Endpoints
α
xˆ
l
yˆ
Figure 4.17. Geometry of the uBot-5 in the ground plane. The dashed line repre-
sents the support polygon for the left 3-point stance.
Note that unlike the control resources in the push-up controller, yz and α do not
correspond directly to motors on the robot. However, changes in these parameters
are converted to specific motor commands, uτ . For example, a change in yz can be
translated into positional changes in each wheel. Similarly, corresponding changes
in each endpoint position can be made to avoid contention between wheel and arm
motors. The Jacobian for transitioning to a 3-point stance is:
J3 =
[
∂φT
∂yz
∂φT
∂α
]
,
where ∂φT
∂yz
= 2yz − 2yc and ∂φT∂α = 2lxc sin(α)− 2lyc cos(α).
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4.2.2.3 4-point Stance to 2-point Stance Transitions
The LQR balancing controller cannot be activated unless the robot is postured
at or near vertical. From the 3 or 4-point stance, the robot can push-up further by
setting the reference body tilt angle to 0 radians. If the posture is near enough to
vertical, it can activate the LQR for balancing and withdraw its endpoints to transi-
tion to the upright mode. Figure 4.18 shows the uBot-5 autonomously transitioning
from a 4-point stance to balancing mode.
(f)
(a) (b) (c)
(d) (e)
Figure 4.18. Postural Stability FSA transitions on actual robot. a) torso is initially
at rest in 4-point stance b) push-up controller is activated d) kinematic conditioning
trigger for transition is reached e) balancing controller is activated f) endpoints are
withdrawn.
4.2.2.4 2-point Stance to 4-point Stance Transitions
The robot can transition back to prone by positioning its endpoints for a 4-
point brace and deactivating the LQR controller. From the 4-point stance, the robot
achieves the prone posture by using the push-up controller with a reference body tilt
angle of pi/2 radians, resulting in a set-down behavior.
4.2.3 Bracing Reflex
Many animals display vestibular reflexes that enhance stability and protect against
falls, mitigate impact, or otherwise control the risk associated with postural dynamics.
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The righting reflex in a house cat emerges at between 3 and 7 weeks after birth. It
orients the falling animal so that is lands on its feet, protecting the animal from
injury. The parachute reflex in humans serve the same purpose. In animals, reflexes
not only act as hard-wired safety mechanisms but may also provide primitive control
modes that can bootstrap learning.
A dynamically balancing platform with a high center of mass has the potential to
transfer large impact energies as a result of a fall. Reflexes in the control firmware of
the uBot-5 act to mitigate the risk of falling during dynamic activity in unstructured
environments. The uBot-5’s “bracing” reflex, shown in Figure 4.19, is an example of
a controller that exploits dexterity to provide contingencies for higher order mobile
manipulation behavior. When the combined effort of the balancing controller and
the upper body fail to preserve postural stability, a vestibular event is triggered. If
the arms are engaged in a task, the bracing controller will supersede and withdraw
and orient the arms, extending them for impact. The arms then move into a free
space configuration prior to the endpoints making contact with the ground. The
subsequent mode creates a multi-contact support polygon consisting of one or both
hands and wheels (a 3- or 4-point stance). After creating a suitable contact geometry,
the bracing reflex employs appropriate impedance modes in the arm to dissipate
energy and reduce the impact of the structure with the ground.
Virtually all robot behavior is subordinate to the primitive bracing reflex that
protects the robot in the event of an unanticipated fall. This allows mobility capa-
bilities to be explored during the development of dexterous behavior without having
to worry about the details and contingencies of recovery. Challenging control situa-
tions that are likely to destabilize the balancing controller are very common in human
environments. Since balancing will serve as the behavioral foundation for future ma-
nipulation tasks, this requires an efficient policy for stability recovery.
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(a) (b)
(c) (d)
Figure 4.19. Video snapshots showing the transitions of the brace controller FSA.
a) A perturbation is applied to the stabilized platform and the bracing reflex is
triggered b) Arms withdraw and orient c) Bilateral extension configures arms for
impact d) Impact is detected and arms absorb the body’s momentum before it comes
to rest in 4-point stance or prone configurations.
The reflex motion and automatic impedance mode switching is determined by a
logical reflex design, a composition of sequential controllers. The transitions are trig-
gered by events in the states of control objectives. Figure 4.20 shows the finite state
automata (FSA) that governs the transitions between control segments. The bracing
reflex can be “turned off” if it conflicts with high-level goals. Otherwise, the bracing
reflex remains activated. Vestibular feedback indicates when the balance system is
approaching stability boundaries. Events on this feedback signal trigger the sequen-
tial stages of control illustrated in Figure 4.20. Boundaries in the phase space of the
tilt angle error are sufficient conditions to trigger the appropriate motor response in
the arms. When the brace reflex is triggered, the arms are withdrawn toward the
medial axis to a nominal configuration and oriented along the longitudinal direction
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PLQR
- 1 1 1`
PKINEMATIC PCONTACT PPRONE
Withdraw and 
orient arms
Bilateral extension 
to ground plane
Recovery: Hold 
symmetric contact 
configuration
PABSORB
PCONTACT Force tracker in limb (spike detector in tilt or motor current)
Modified Push up controller accepts gain scheduling of PID gains of wheel 
and shoulder motors determined by bracing impedance controller 
(increases gains in proportion to tilt angle approaching prone).
1`
PABSORB
Absorb: dissipative 
impedance controller
PKINEMATIC Joint space position references condition arms for impact
Figure 4.20. Diagram showing the design of the brace controller FSA. Bracing
is essentially a “ballistic” open-loop emergency response. The LQR and PRONE
controllers are absorbing states in the Postural Stability Control Suite.
of the fall. Before impact, the arms are extended bilaterally in the direction of the
fall to a point well conditioned fr bracing forces. Once contact is detected, the robot
impedance control mode is changed to a dissipative mode that absorbs energy as
the arms compress toward a prone posture and thus, protects the body of the robot
from colliding energetically with the ground or its own arms. The impedance of the
shoulder and wheel motors are controlled to absorb impact forces while running the
“set down” controller to bring the robot to rest. The gains are increased linearly as
the robot nears the ground. After the robot has come to rest, the controllers are
returned to high impedance position controlled mode to recover and/or reconfigure
the robot arms into an acceptable push up configuration.
The stability of the LQR balance controller controller is bounded and experimen-
tation is required to determine the stable operating envelope. Large instantaneous
changes in tilt error and the rate of tilt signal an instability in the balance control
and triggers a bracing response. Empirical results support representing the trigger
in the form of a boundary in the (tilt, tilt rate) space.
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Figure 4.21 shows the tilt and rate of tilt values for a brace event with all joint
gains set to their default maximum values. The figure shows a sharp spike in rate
of tilt indicating a large and undesirable impact deceleration. Furthermore, it is
likely that the default gains do not match the task well, such that an oscillation
emerges after impact. This discrepancy is likely the result of a coupling between
wheel and elbow controllers and poor tuning of the Kalman filter for tilt and rate of
tilt sensor readings. Further studies suggested that both the elbow and wheel motors
were underpowered. Thus, increasing the damping in the elbow and wheel motors
had little effect when the proportional term was also high. With sufficient motor
power, it is expected that the response can be tuned with high gains to bring about
an over- or critically-damped response. The goal of choosing impedance gains is to
achieve an overdamped response that also reduces the impact forces. The magnitude
of the impact can be estimated from the sharpness of the inversion of the rate of tilt,
and the slope of the deceleration shown in Section b) of Figure 4.21.
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Figure 4.21. Tilt and rate of tilt vs. time during brace. The response shows an
underdamped oscillation after impact. Region a) denotes the balancing instability
caused by an external disturbance. Region b) shows the sharp reduction in tilt speed
at the moment the the arms contact the ground. Region c) shows the oscillation after
impact as the platform comes to rest in the 4-point stance.
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Figure 4.22 illustrates the result of lowering the gains beyond the point of being
able to bring the platform to rest prior to the entire body impacting the ground
(the prone configuration). Although the impact magnitude was reduced, the values
are unusable. This data demonstrates that a significant deceleration at impact will
occur, even when the gains are very low.
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Figure 4.22. Tilt and rate of tilt vs. time during brace. Gains for arm tilt position
control (Kp 4000, Ki 0, Kd 200) and wheel velocity control (Kp 150, Ki 0, Kd 400)
were used.
Figure 4.23 demonstrates the final values chosen. In this case, the robot expe-
riences a slightly reduced spike in the rate of tilt during impact and comes to rest
prior to reaching the prone position. To simultaneously minimize the impact and
control during the absorb phase, the impedance controller specified arm tilt gains to
be zero at impact and linearly scaled them to 100% as the platform approached the
prone position. The wheel gains were set to zero and the elbow gains were reduced
to eliminate the dynamic coupling and the resulting oscillation.
During the trials it was discovered that the robot would often brace successfully,
even if the shoulder and wheel gains were set to zero. In these cases, the impact
would be absorbed without displacing the tilt joint. It was likely that without a
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Figure 4.23. Screen capture of tilt and rate of tilt vs. time during brace. Gain
scheduling for arm tilt position (Kp 2000, Ki 0, Kd 300) controller, and elbow position
(Kp 30, Ki 0, Kd 0) controllers was used. Wheel gains were set to zero.
larger impact, the reflected inertia of the motor through the gearboxes provided a
significant source of damping. If a small commanded motion with a minimal gain in
the shoulder tilt joints were introduced prior to contact, the robot tended to absorb
less at the moment of impact. However, specifying the moment to initiate the motion
was difficult as it was desirable to start as close to the impact as possible. Otherwise,
the arms would drastically retract and jeopardize the success of the absorb phase.
Since the tilt data was too noisy to accurately estimate the moment of impact, this
strategy was not implemented.
Another strategy that worked to guarantee a longer absorption phase was to create
a longer impact. This was accomplished by modifying the reference tilt angle during
the bilateral extension phase. The effect was to allow the robot to fall further, in-
creasing the momentum to the point of being able to overcome the gearbox friction.
This was the utilized strategy. The final value of the reference tilt angle was chosen
to be 1.95 radians although other values proved successful as well. A trade-off was
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managed so as to allow the robot enough time to extend the arms, yet fall far enough
to experience a significant enough impact to make distinctive landmark events.
Detecting contact with the ground is required by the brace controller to trigger
the dissipative phase. This transition is signaled by large velocities and/or significant
spikes in measured forces. Figure 4.24 shows the rate of tilt, and motor current in
the shoulder and elbow. The significant deceleration in the tilt angle and the elbow
current both provide distinctive events when the end effectors impact the ground
while shoulder current is somewhat ambiguous. The elbow current was chosen and
initial trials showed that a threshold filter was sufficient to indicate the impact event
had occurred.
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Figure 4.24. Rate of tilt, elbow current, and shoulder tilt current vs. time a) when
the hands reach the ground during a bracing maneuver.
4.3 Discussion
The design of the uBot-5 incorporates native code for low-level motor control,
Cartesian impedance control, and balancing. This approach organizes the behavior
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of the dexterous system while mitigating complexity and supporting efficient applica-
tion programming. uBot-5’s motor units are implemented in the fabric of the FPGA
and represent the lowest-level of control. Impedance controllers use motor units to
implement anisotropic impedance relations and provide useful modes of disturbance
rejection, energy dissipation, and protect the platform’s electromechanical compo-
nents and the environment. The native control structure is designed organize the
behavior of the dexterous system and it is intended to bootstrap the development
of higher-level controls by users and by automated learning techniques. Figure 4.25
summarizes the distribution of the control over associated compute layers.
The uBot-5 can combine resources normally reserved exclusively for mobility or
manipulation and is able to configure several hybrid modes as conditions require. The
platform incorporates mechanical redundancy and a hierarchical compute architecture
for combining control actions with multiple objectives and constraints. Table 4.1
summarizes the objective functions that form the basis of the policies developed in
this chapter.
This chapter develops a family of native control policies that can be used to reg-
ulate postural stability (Figure 4.26). It describes controlled transitions from prone
to 4-point and 3-point stances and ultimately up to 2-point (balancing) stances. To
brace for a fall, uBot-5 reuses these controllers with appropriate impedance specifi-
cations to absorb the impact of a fall and restore the platform to a valid postural
mode. This sequence exploits the flexibility of the whole body configuration, reduces
complexity for programmers, and supports viability in variable terrain contexts.
The hierarchical postural stability framework also enhances the development of
mobile manipulation behavior and organizes the complex robot into lower dimensional
behavioral state spaces. The result is that the integrated hardware and software co-
design reflects support for future applications, both scientific and technological in
realistic and unstructured settings. In the following “Applications” chapter, I will
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Figure 4.25. Diagram showing the compute architecture hierarchy and the organi-
zation of software development.
present some examples of sequential pushing behavior and learning performance in
knuckle walking translation and rotation tasks dexterous mobility tasks.
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Table 4.1. List of postural stability objective functions.
Φkincond prone :
While prone, positions an arm or arms such that arms
are in the initial push-up configuration.
Φpushup setdown :
Performs a “push-up” to transition the robot from prone
positions to 3 or 4-point stance to balancing and vice
versa.
ΦZMP :
Orient the center of mass over the zero moment point (lo-
cation where sum of all moments results in zero moment,
a pure reaction force).
ΦLQR : Balancing algorithm for stable mobility on two wheels.
Φbrace :
Bracing reflex is superior to all other control applications,
it requires two arms to catch the robot during a fall.
Φkincond standing :
Positions an arm or arms in an intermediate posture of
the 4-point stance that is simultaneously stabilizable by
LQR balancing controller.
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1
PPRONE
1
PPRONE
1
P4-POINT
1
P2-POINT
1
P4-POINT
1
P4-POINT
1
P2-POINT
1
P4-POINT
1
P3-POINT
Application level 
initiated transitions
Φpushup_setdown
Φpushup_setdown 
subject-to
Φkincond_prone
ΦLQR subject-to
Φkincond_standing 
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ΦZMP
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subject-to
Φkincond_prone
Figure 4.26. Postural Stability Control Suite set of FSA provides mobility modes
with varying effector utilizations while meeting distinct performance objectives.
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CHAPTER 5
APPLICATION PROTOTYPING
5.1 Whole Body Pushing Tasks
Active posture control can improve performance and stability. Leaning into a
heavy door is energetically efficient and higher performance than strategies exclusively
focused in the arm. To take full advantage of a small footprint, a controllable joint
near the ground serves as another degree-of-freedom for tilting the body. The human
ankle joint performs this role in order to posture the body and to redistribute mass for
reaching out into the world, for increasing leverage, or for traversing inclined terrain.
Thus far, little research has explored the potential for whole-body policies and
dynamic posture control– a potential that is very significant. Postural control is
considered mostly for humanoid legged robots that must preserve stability. Khatib
presents a framework for performing tasks while maintaining postural constraints for
a humanoid robot [33]. In this work the emphasis is on logically decoupling tasks
from postural control rather than exploiting postural control to increase performance
on the task. Takubo and Harada consider the control of a humanoid’s posture during
pushing tasks to ensure platform stability [57, 56, 20]. Self-motion creates challenges
related to precision that could undermine open-loop grasping and manipulation tech-
niques, thus an active control system for corrective movements will be required to
establish and to maintain grasps. The technique incorporates measures of hand re-
action force to augment the center of mass positional control and to define the ZMP
trajectory for maintaining momentum. Yoshida presents a method that optimizes
the static posture of a humanoid robot with respect to an evaluation function to
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incorporate factors including force generation and the ability to reject disturbance
forces [61].
θp
l1
l2l3
Fg3
Fg2
w
dPy
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FWy
Fg1
y
x
l4
θ1
θ2
θt
Figure 5.1. Free body diagram of the uBot-5 in a pushing task.
Upper body dexterity adds mobility modes (of varying effectiveness) for bracing
against environmental surfaces. This provides the opportunity to use upper-body
resources in postural control tasks and balance. One example of such as task is the
capacity to push (create interaction forces). uBot-5 was designed to make it possible
to exploit mass and inertial forces when interacting with the environment. As a
result, the uBot-5 is able to generate significantly greater pushing forces using postural
control, than statically-stable platforms with the same form factor and footprint [58].
Static analysis of pushing forces and stability was performed using the uBot-3
generation of the platform. Like uBot-5, uBot-3 can control the angle of its body with
respect to vertical. This is the key to improving the capacity of a mobile manipulator
to exert force on the environment.
A free body diagram of the posture controlled platform in a pushing configuration
is showing in Figure 5.1. For purposes of comparison, we assume that the statically
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stable version of the robot has a wheel in front and back, as in Figure 5.2, to provide
the maximum possible stability given the width of the base. We assume that there
is no difference in the robots total mass or its distribution due to the difference in
number or arrangement of wheels. Fg1, Fg2, and Fg3 are the forces due to gravity
on the body of the robot, the first link of the arm, and the second link of the arm
respectively. FWx and FWy are the x and y components of the force exerted by the
ground on the wheels. Fp is the force exerted on the end effector by the environment.
We consider all possible values for θp such that 0 ≤ θp ≤ 2pi.
l
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rFWx
Fg2 Fg1
w
Figure 5.2. Free body diagram of the platform with limited postural control in a
pushing task.
The maximum force magnitude of Fp in a given direction, θp, is computed by
determining forces at the end effector that do not violate static stability. The analysis
assumes a static coefficient of friction between the wheels and the ground of µ = 0.5.
Therefore, the model presumes that wheel slip occurs when,
|FWx| > µFWy (5.1)
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For some end effector forces and positions, static equilibrium is maintained for
all values of Fp. In these situations, the maximum pushing forces at the endpoint is
limited by joint torque limits.
Using Figure 5.1, we can find all of the moments that act around the wheel given
the following values:
• w: The x-coordinate of the wheel;
• c: The x-coordinate of the center of mass of the robot body;
• sx, sy: The x, and y-coordinates of the robots shoulder (the first joint of the
arm).
Also, assume the height at which the end effector makes contact with object, dPy, is
given. For static equilibrium, the net moment around the wheel must be zero.
m1g(w − c) +m2g(w − 0.5(sx + d3 cos(θ1)))
+m3g(w − ((sx + d3 cos(θ1) + 0.5d4 cos(θ1 + θ2))))
−dPyFp cos(θp)− wFp sin(θp) = 0, (5.2)
where g is the acceleration of gravity, m1g(w− c), m2g(w− 0.5(sx+ d3 cos(θ1))), and
m3g(w− ((sx+d3 cos(θ1)+0.5d4 cos(θ1+θ2)))) are the moments about the wheel due
to the mass of the body, first link of the arm, and second link of the arm, respectively.
The load at the end effector generates moments −dPyFp cos(θp), and −wFp sin(θp) = 0
about the wheel.
Solving for Fp yields:
Fp = (g(m1(w − c) +m2(w − 0.5(Sx + d3cos(θ1)))
+m3(w − (Sx + d3 cos(θ1) + 0.5d4 cos(θ1 + θ2)))))
/(dPy cos(p) + w sin(θp)). (5.3)
Values of w, c, sx, and sy are computed for each type of robot. These also serve as
the free variables in a pushing controller for achieving a desired Fp.
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Since the robot is in static equilibrium, |FWx| = Fp cos(θp)|, and |FWy| = mtg −
Fp sin(θp), where mt is the total mass of the robot body and both links of the arms.
Using Equation 5.1, we find that the maximum value of Fp that does not violate static
friction constraints on the ground is:
Fp =
µmtg
| cos(θp)|+ µ sin(θp) . (5.4)
If | cos(θp)|+ µ sin(θp) ≤ 0, then static friction is not violated for any value of Fp.
5.1.1 Tipping Conditions for Statically Stable Platform
The tipping condition is determined using the definition of the zero moment point
(ZMP). In static equilibrium w, the ZMP is the location of the ground reaction force,
such that there is no net moment on the robot. For any force on the end effector,
the platform will not fall over if it can position itself such that the ZMP is between
the front and back wheels.
For the statically stable platform, w will always be the position of the ZMP. Let
w be the minimum possible position along the x-axis at which the rightmost wheel
can be positioned given the endpoint position of its arm (note that the origin is to
the left of the base). Let w be the maximum possible position along the x-axis at
which the left wheel can be positioned.
If the line of action of Fp at θp intersects the ground between w and w, the platform
will never tip over, since as Fp increases, the ZMP will tend toward the location where
the line of action of Fp intersects the ground. Since the platform can place its support
region over this point, it will not tip over no matter how large Fp becomes.
If the line of action of Fp intersects the ground to the left of the potential support
region, then the maximum value of Fp that will not cause the platform to tip over is
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the value that causes the ZMP to be at the left edge of the potential support region.
We can find this value of Fp using Equation 5.3 with:
w = w (5.5)
c = w + l/2 (5.6)
Similarly, if the line of action of Fp projects to the right of the possible support
region, we can find the maximum possible value for Fp using Equation 5.3 with:
w = w (5.7)
c = w − l/2 (5.8)
In all of these situations we set sx and sy as follows:
sx = c (5.9)
sy = d2 + r − dPy (5.10)
5.1.2 Tipping Conditions for Dynamically Stable Platform
The dynamically stable platform has an extra degree of freedom θt, the angle
between the body of the robot and the ground, as shown in Figure 5.1. In order for
the dynamically stable platform to be in static equilibrium, the moment around the
wheels must be zero. For a given value of θp, we can find the maximum value of Fp by
solving for all of the terms in Equation 5.3 in terms of w and θt, and then numerically
searching over the feasible combinations of w and θt, choosing the combination that
maximizes Fp. For the dynamically stable platform:
w = −d2 cos(θt)−
√
(d3 + d4)2 − (d2 sin(θt)− dPy + r)2, (5.11)
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and
w = −(dPx + l/2) (5.12)
Due to physical and control constraints on the angle between the platform and
the ground, we assume pi/4 ≤ θt ≤ 3pi/4. For given values of w and dPy, θt must also
obey the following constraints which ensure that the body of the platform is not too
close to the end effector and that the point where the end effector is to make contact
with the manipulated object is within the workspace of the manipulator:
θt ≤ cos−1
(
d22 + w
2 + (dPy − r)2 − (d3 + d4)2
2d2
√
w2 + (dPy − r)2
)
(5.13)
+ sin−1
(
dPy − r√
w2 + (dPy − r)2
)
(5.14)
and
θt ≥ tan−1
(
l/2
h+ r
)
+ cos−1
(
w − dPx√
(h+ r)2 + (l/2)2
)
(5.15)
We can now solve for the variables in Equation 5.3:
c = w + d1 cos(θt), (5.16)
sx = w + d2 cos(θt), (5.17)
and
sy = r + d2 sin(θt)− dPy (5.18)
Using Equations 5.3 and 5.11–5.18 , it is straight forward to compute the maximum
value of Fp that can be resisted by the platform in static equilibrium for a given θp.
Figure 5.3 shows the predicted force advantage of using whole body postural
control to generate force at the end effectors of the uBot-4 for two different postures
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a) b)
Figure 5.3. Panel a) illustrates the increase in forces that can be applied to the
environment using whole body postural control for dPy = 0.75m and Fp = 50N. The
whole body platform can apply ≈ 15N more in the direction indicated by the arrow
than its statically stable equivalent. Panel b) shows the results for dP = 0.19m and
maximum Fp = 50N. Each concentric circle corresponds to a 2N increment.
uBot−3 vs. uBot−2
Figure 5.4. uBot-3 illustrating a pushing task high overhead. The dynamically
stable platform (left) and statically stable platform (right) pushing a drawer filled
with books.
of the robot. This advantage is as great as 35N in some directions and for some
configurations of the uBot-4.
91
Figure 5.4 demonstrates the advantage a dynamically stable platform with pos-
tural control has over a statically stable robot with the same mass and footprint in
a drawer pushing tasks. The dynamically stable robot successfully leverages its high
center of mass to close the same drawer without falling down.
5.2 Knuckle Walking
Kuindersma’s [35] experiment regarding knuckle walking is a good example of an
application that was facilitated by the morphological and computational structure
designed into the uBot concept. Although the uBot-5 has wheels instead of legs, a
hybrid knuckle walking strategy using both wheels and arms is a natural mode of
locomotion for the robot in the 3-point stance. This is due to the large reachable
ground plane. This skill is defined by constraints that require at least one stable
3-point stance to be maintained always using appropriate control tasks.
To optimize a 3-point stance, a controller must position the center of gravity of
the robot near the ZMP of the support polygon. Kuindersma formulated knuckle
walking as a sequence of control tasks (including 3- to 4- and 4- to 3-point transitions
and impedance controlled motor units) with a subordinate chassis drive to control
and actuate the wheels.
Two behaviors that are particularly relevant to mobility and locomotion are the
ability to translate and rotate the robot. The development of translate and rotate
gaits can employ Q-learning in the abstract predicate space [28, 46, 35]. After the
translate and rotate controllers are developed, they can be incorporated as abstract
actions for subsequent programming tasks.
The development of behaviors is expected to simplify future programming tasks
because programmers (humans and those derived from an automated learning tech-
nique) no longer have to reason exclusively in high-dimensional configuration spaces.
The navigation policy for knuckle walking shows how the translate and rotate be-
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havior significantly reduces the dimensionality of the state space by carving it up
in a relevant manner. The resulting policy over the abstract state space is defined
abstract skills: one that engages sequential limb movements to change the heading
of the platform and another to produce translations in the (x,y) plane as illustrated
in Figure 5.5, where the state is (prot,ptrans).
Figure 5.5. Walking policy for activating rotate gait whenever the robot is not
aligned with reference direction. Otherwise forward walking motion is selected.
Knuckle walking is defined by alternating 3-point stances that result in translation
or rotation across the floor (at first ignoring postures that allow arms to be braced
against walls). The constraint that expresses postural stability only requires at least
one arm to be in a stable 3-point stance.
Kuindersma’s learning experiment used single-step tabular Q-learning [11] and
represented the state of the system as vector of “n” Boolean predicates, p, with the
pi element asserting 1 if controller i is converged, and 0 otherwise (see Equation 4.21).
The state description was derived from the set of control actions listed in Table 5.1,
where the state is described by an 11-dimensional state representation.
The total number of possible states given the 11-variable representation was
211 = 2048. To eliminate many of these states, logical constraints on the action
available to the robot were imposed. Those included only considering concurrent ac-
tions that included up to three controllers, preventing concurrent actions that were
contradictory, and defining a stability criterion. The stability criterion stated that
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Table 5.1. Primitive control actions available to the robot in the knuckle walking
task.
Label Controller Description
1 Stabilize 4-point stance
2 Stabilize left 3-point stance
3 Stabilize right 3-point stance
4 Forward
5 Reverse
6 Rotate clockwise
7 Rotate counterclockwise
8 Raise left endpoint
9 Raise right endpoint
10 Place left endpoint
11 Place right endpoint
at least one stability controller must be converged at all times. For example, when
in a 4-point posture and executing the “forward” action, the robot will roll forward
until its COM projection strays too far from the ZMP, at which time the forward
controller “quiesces.”
Assuming the robot begins in a stable 4-point stance, there were 25 possible actions
and a total of 144 reachable states that satisfied the postural stability constraints [35].
Kuindersma’s results demonstrate that this approach supports autonomous learning
techniques that learn knuckle walking gaits efficiently using this state and action defi-
nition. Policies in this space are sequences of primitive control actions and controllers
from the postural stability control suite.
5.3 Personal Robotics and Healthcare
The success of the uBot platform is measured in part in terms of its ability to cat-
alyze new research about dexterity and control in whole-body mobile manipulators.
This contribution relates to new applications and functionality for robots. A personal
assistant robot for eldercare applications is one such emerging role for dexterous WB-
MMs. As demographic bubbles threaten to overburden the healthcare system, one
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solution may be to develop a robot that can allow a patient to remain independent
longer and increase their quality of life by supporting telemedicine providers. In the
manufacturing domain, a dexterous WBMM may decrease integration and applica-
tion development costs of widespread flexible automation and supply chain handling
in medium to small businesses. A typical industrial robot requires custom single pur-
pose programming, safety cages, detailed material flow planning and synchronization.
Moreover, some tasks require highly specialized sensors that must have controlled en-
vironments in order to perform reliably. Thus, there is a need for affordable, easily
programmable, intelligent, and safe robots capable of collaborating with human work-
ers to increase efficiency, reduce repetitive stress injuries, and lower costs. Hotzone
and HAZMAT disaster relief and other-world exploration are particularly dangerous
environments for humans. However, the risks can be mitigated by robots that can go
where people go, deploy networked sensors, and perform manipulation tasks. A dex-
terous WBMM may also enable first responders to remotely enter dangerous areas,
increase situational awareness, lead victims to safe areas, perform triage operations
and assist those in need.
A personal robot offers the potential to further the productivity and quality of life
in society. As baby-boomers approach the age of 65 approximately 70 million new
clients will enter retirement. Shortly after that, many of these clients will require
eldercare services without which, individuals in this population will likely require
assisted living facilities or nursing care. In order to mitigate rising costs reduce the
burden on centralized medical providers and community services, a robot that can
perform assistance in various human environments may provide a solution. This type
of robot can help an elder person stay at home longer, assist with chores, provide a
link to medical professionals and family members, and greatly improve their standard
of living.
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A family-client interface was implemented for a configuration of the uBot that
introduced a touchscreen, a shoulder mounted camera, and an audio interface includ-
ing speakers and a microphone. Video conferencing via standard Internet telephony
enables users to project their face and speak through the robot. Moreover, the user
can act through the robot as a remotely embodied avatar; creating a cognitive focal
point for the client, sensing the local environment, and performing work. This en-
riches the social experience of the client by allowing remote family members to visit
a loved one and communicate naturally, help with chores, and be physically present
in the client-side environment.
Figure 5.6. A client gives a tour of the assisted care facility. The visitor and the
host share a videophone conversation while interacting and moving about the facility.
Applications that can monitor the well-being of the patient, assess their health,
remind them to take their medications, and perform routine chores have been pro-
totyped using the uBot-4 and uBot-5 [12]. In Figure 5.6 uBot-4 demonstrates the
capabilities of the Skype videoconferencing interface and illustrates a doctor could
conduct a virtual house call on a patient in his or her home. In this configuration, an
on-board webcam provides the remote teleoperator with a perspective on the client-
side environment that includes the robot’s bimanual workspace. A joystick interface
allows the operator to translate and to rotate the base, position the joints in the up-
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per body, and trigger sequential behaviors such as postural transitions and grasping
motions.
Figure 5.7. A three-question stroke diagnosis through video phone with motor tasks
that are demonstrated by the uBot.
In addition, a mobile manipulator could deploy sensors and record telemetry in
precise locations in the environment. To investigate these applications, the uBot-5
has acted as a client to a sensor array consisting of Pan-Tilt-Zoom (PTZ) cameras.
The large scale network provides localization and path planning support, enabling
the uBot-5 to act as the physical embodiment for network services that can do work.
When the network detects unexpected situations, the uBot can be automatically
deployed to intervene.
The ability to relay communication and deploy sensors as Internet services also
enables new possibilities for remote service providers as well. Remote telepresence
efficiently addresses the upcoming shortage of caregivers, and saves elders from dif-
ficult and time consuming transportation. Such technology may also improve work-
force fluidity in this challenging demographic. Consequently, personal robots may
provide some capabilities that mitigates the excess demand for more doctors, nurses,
and technicians. Addressing eldercare needs requires developing solutions that can
provide short term support for high demand situations. Moreover, these personal
robots can be re-purposed after the demand passes.
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Figure 5.8. A fall is detected, the system places a call to Emergency Medical Tech-
nicians (EMT). Using the uBot, the EMT can attempt to rouse the client, or in
this case, apply a digital stethoscope. The digital stethoscope relays heart rate and
respiration telemetry to responders.
Figure 5.9. uBot-5 ready for work.
When the uBot-5 is utilized as a personal assistant type device, the robot is
controlled to pickup, process, and replace all sorts of objects including soiled garments,
toys, and tableware. Figure 5.9 shows the platform reaching for a ball placed on the
ground. The body and mobility design enables the robot to manage tight corridors
and shared spaces with humans such as kitchens and hallways. The robot’s interfaces
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for teleoperation and video conferencing allow people to interact though the robot and
operate the hardware remotely. Ultimately, this robot should be able to be deployed
in a unique home environment, not require extensive custom programming, safely
navigate autonomously, and perform useful work.
5.4 Mobile Dexterous Social
In a collaboration with the MIT Media Lab, the UMASS uBot was extended
to incorporate a socially expressive head and force sensing hands to create the Mo-
bile, Dexterous, and Social (MDS) platform. The MDS head consists of 20+ degree-
of-freedom to generate facial expressions and the 5-DOF hands are used to create
gestural actions and manipulate small objects. Figure 5.10, shows a solid model vi-
sualization of the integrated concept.
Figure 5.10. Mobile Social Dexterous (MDS) CAD rendering based on the uBot
platform.
The uBot platform was chosen for this project based on the ability to support as-
pects of human-robot interaction critical to the MDS and emergency response appli-
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cations. The uBot platform presents a familiar human-like morphology and supports
gestural communication with dexterous bimanual manipulators.
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5.5 Summary and Conclusions
This thesis deals with issues central to extending our understanding and imple-
mentation of dexterity in robot mobility and manipulation. The approach chosen
in this study centers around a hardware and software co-development, resulting in
the construction of a dynamically stable, bimanual, whole body mobile manipula-
tor, the uBot-5. The platform successfully pairs motor flexibility and performance
with a hierarchical embedded control framework that insulates programmers from the
nitty-gritty details of sophisticated machines and provides a convenient applications
development environment for constructing dexterous machines.
Historically, robotics hardware and control have suppressed dynamic effects when
they can cause the robot to fall over. Conversely, biological systems have evolved to
mitigate this risk behaviorally in order to exploit the performance advantages that
dynamics provides. This interplay of mobility and dexterity requires a relatively well-
developed vestibular system, balance control, and knowledge of the mechanical prop-
erties of objects in the environment. This work demonstrates a mastery of mobility
and dexterity through several sequential programs including bracing to catch a fall,
standing up from a prone position, and knuckle walking. Furthermore, these behav-
iors illustrate that reflexive behavior can increase the efficiency of the construction
of control programs and improve the robustness of these programs to unanticipated
circumstances.
The postural stability control suite supports dexterous manipulation whereby cer-
tain configurations, from the set of postural modes including lying prone, knuckle
walking, and balancing, present advantages in particular contexts. While prone, the
robot can reach objects low to the ground or under obstructions such as tables and
bed frames. Knuckle walking provides mobility in the presence of challenging or slip-
pery terrain. When stationary, only one arm is required to support the robot and
thus single-handed manipulation tasks can still be achieved. The balancing mode
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completely frees the arms and further enhances the dexterity of the robot. Tran-
sitions between the modes include push-up, set-down, and bracing for a fall. This
progression was inspired by developmental pressures that seek to increase efficiency,
dexterity, and safety. Moreover, postural stability extends the range of stable mo-
bility configurations and permits secondary manipulation objectives through a wide
range of operating conditions.
The uBot-5 platform extends the state of the art in mobile manipulation and
presents many new opportunities for future robotics research.
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